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Abstract
Colloidal semiconductive quantum dots (QDs) are nanomaterials that have provoked much interest
in the field of nanotechnology in recent decades. Due to the quantum confinement effect, these
materials have highly tunable optical and electronic properties that depend on the nanocrystal size,
shape, and composition. Because of these properties, QDs are potentially useful for applications
such as LEDs, lasers, in-vivo and in-vitro imaging, and other sensing technologies. The work in
this thesis has three central focuses: 1. the design, synthesis and characterization of CdSe/CdS
core/shell quantum dots with rod-in-rod microstructures (QRs), 2. their use in bioluminescence
resonance energy transfer (BRET) systems with firefly luciferase (Ppy) enzymes, and 3. the tuning
of the surface chemistry and functionality of QRs and core/alloy magnetic nanoparticles (NPs) for
other biological applications. In order to create BRET conjugates that participate in highly efficient
energy transfer, I first synthesized a large variety of QRs and characterized them with ultravioletvisible spectroscopy, photoluminescence spectroscopy, Fourier transform infrared spectroscopy,
transmission electron microscopy, thermogravimetric analysis, and other techniques. I investigated
the effects of QR energy-accepting properties (absorption coefficients, quantum yields, and optical
polarization), as well as morphological and topological characteristics (aspect ratio, microstructure
and defect concentration), on BRET efficiency. In this work I also studied how different luciferase
enzyme + substrate combinations could enhance BRET efficiency. Our findings indicated that QR
with lower aspect ratios coupled with red-emitting Ppy enzymes had the highest BRET efficiency.
Another BRET system that I studied involved a near infrared (nIR) emitting QD coupled with Ppy.
This system had high BRET efficiency and showed promise for applications such as in-vivo
imaging and night vision. Finally, I explored the silica coating of both QR and magnetic core/alloy
FeNi and FeCr NPs. Silica coating is a surface modification tool which can greatly improve
colloidal stability, render aqueous solubility, enhance and protect optical properties through

surface passivation, and may mitigate the toxicity associated with the heavy metals used in the
synthesis of QR and other NPs. In addition, since the silica (SiO2) shell thickness can be modulated
in the synthesis, this modification can be used to probe distance dependence in BRET and to test
magnetic behavior in NPs. I also employed these FeCr/SiO2 and FeNi/SiO2 NPs for magnetically
and reversibly separating small fragments of DNA from solution. Both the FeCr/SiO2 and
FeNi/SiO2 NPs showed good magnetic separation and promising capacity for DNA separation.
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probe. Reprinted with permission from Reference 70. Copyright 2008 Springer Nature.
Figure 1.11. (a) Structure of the native luciferin substrate and the five analogues that were
developed. (b) Normalized bioluminescence spectra of LH2 (black) and its analogues (BfLH2,
green; BtLH2, blue; BoLH2, orange; BiLH2, magenta). Adapted and reprinted with permission
from Reference 72. Copyright 2012 American Chemical Society.

ix

Figure 1.12. Two proposed mechanisms for silica growth onto QDs (a) Silica growth not involving
a ligand exchange step (b) QD undergoes ligand exchange where TOPO is replaced with TEOS,
TOPO is released into water within Igepal CO-520 (surfactant, denoted “NP 5” here) micelle, and
silica subsequently grows onto surface of QD. Reprinted with permission from Reference 80.
Copyright 2005 American Chemical Society.
Figure 1.13. Schematic of proposed mechanism for silica coating of QDs via the reverse
microemulsion method. (a) Original octadecylamine (ODA) coated QDs. ODA is either replaced
with TEOS (b1) or Igepal CO-520 (denoted “NP-5” here) (b2), depending on which is added first.
(c) Surfactant and hydrolyzed TEOS coat the QD surface. When ammonia is added, any
unhydrolyzed TEOS is hydrolyzed, and replaces all Igepal CO-520 molecules on QD surface. (d)
Ammonia and water molecules are located around and between Igepal CO-520 molecules and
TEOS-functionalized QD. Reprinted with permission from Reference 86. Copyright 2008
American Chemical Society.
Figure 1.14. A selection of silica coated !-Fe2O3 NPs; different shell thicknesses were achieved
by varying the amount of alkoxysilane precursor used. Reprinted from Reference 95. Copyright
2010 American Chemical Society.
Figure 2.1. The bioluminescence of blue, green, and red Ppy+substrate variations (a), and Ppy+QR
assembly design and QR optical properties (b). A collection of TEM micrographs for QR(615)
(c) and QR(650) (d) with –s (i), –m (ii), and –l (iii) analogues.
Figure 2.2. Additional TEM micrographs of QR(615)-s (a, l = 13.4 ±1.4 nm, w = 4.4 ± 0.3 nm), m (b, l = 20.4 ± 1.4 nm, w = 4.6 ± 0.4 nm), and –l (c, l = 32.3 ±2.9 nm, w = 4.7 ± 0.3 nm), and
additional TEM micrographs of QR(650)-s (d, l = 22.4 ±1.9 nm, w = 5.4 ± 0.4 nm), -m (e, l = 31.0
±2.5 nm, w = 5.4 ± 0.3 nm), and –l (f, l = 50.1 ±6.1 nm, w = 5.7 ± 0.4 nm).
Figure 2.3. TEM micrograph (a) and statistical analysis (b) of CdSe-QR used to make QR(615)
(l/w = 2.5 ± 0.3, l = 9.9 ± 0.9 nm, w = 3.9 ± 0.3 nm), (c) and statistical analysis (d) of CdSe-QR
used to make QR(650) (l/w = 4.1 ± 0.4, l = 19.4 ± 1.6 nm, w = 4.7 ± 0.3 nm).
Figure 2.4. TGA results characterizing histidine-capped QRs (His-QR) before and after incubation
with PpyGRTS at L = 5-40. The increasing mass loss is indicative of higher Ppy loading.
Figure 2.5. BRET emission results for PPyGRTS+LH2 with + QR(615) (a) and + QR(650) (b)
conjugates collected at L = 1 for –s (i), –m (ii), and –l (iii) rod lengths.
Figure 2.6. Results comparing QR l/w with observed raw BR values at L = 1 (a), and similar plots
after normalization BR by QR core absorption extinction coefficients at 547 nm (BR/ #core) (b),
and after normalization by QR quantum yields (QY%) at time of experiment at excitation of 547
nm (c). The representative BRET efficiency plots for PpyGRTS donors and QD(650) (red) and
QR(615) (blue) acceptors at R0 = 9.4 and 7.8 nm respectively. Solid lines represent plot of E =
R06/(R06+r6) while dashed lines are of E = R04/(R04+r4). Inset: Computed BRET efficiency as a
function of PpyGRTS binding position with (+) and without (-) consideration of QR–m
polarization (see also Fig. 2.7). The measured excitation PL anisotropy for QR(615) – (e) and
QR(650) –s, –m, –l (f).

x

Figure 2.7. Calculated BRET efficiency for QR(615) and QR(650) –s (a), –m (b), and –l (c) with
(+) and without (-) polarization considerations. Calculations are based on calculated dipole
moments at position 1-4 of given QR after considerations of rod dimensions. See Figure 2.6d for
positions.
Figure 2.8. Bioluminescence spectra comparing the brightness of enzyme+substrate combinations
under identical enzyme concentrations (insert) and experimental conditions. Results indicate
Ppy+BtLH2 has ~ 2.8x brightness of PpyGRTS+LH2 and ~ 15.8x brightness of PpyRE9+LH2.
Figure 2.9. BRET spectra for PpyGRTs+BtLH2 (a), PpyGRTS+LH2 (b), and PpyRE9+LH2 (c),
with QD(650)–s at L = 1. (d) Summary of BR intensities at additional QD(650) aspect ratios (lower
panel) and normalized to Ppy brightness (upper panel) for PpyGRTs+BtLH2 (blue),
PpyGRTS+LH2 (green), and PpyRE9+LH2 (red).
Figure 2.10. TEM micrographs of QD650–s (a), –m (b), and –l (c) after AuNP growth revealing
the defect rich regions of the interface. The observed QR emission wavelength and intensity during
BRET (d). Dashed horizontal line represents the QR emission during lamp excitation at 547 nm.
Plots on bottom are fit to an exponential decay, and on top to a linear regression, to guide the eye.
Inset: Schematic of QR energy diagram and emission processes in which PpyGRTS donates to
defect states (DS) at the QR (1) at low L and additional CB sites (2) at increasing L.
Figure 2.11. TCSPC PL-decay results for QR(650)-s (a), -m (b), and –l (c) before phase transfer.
Biexponential fits were used to fit to the PL-decays, which were intensity weighted to average
lifetimes ($ave) of $ ave= 11.1 (a), 13.2 (b), and 14.6 ns (c) respectively.
Figure 2.12. Bioluminescence spectra of PpyGRTS+LH2 (i) and PpyGRTS+LH2+PEG-QR(680)
at L = 5 (ii). When using a PEG modified QR(680), the bioluminescence maxima of
PpyGRTS+LH2 is similar to the enzyme alone, an the QR(680) emission is lower than in a typical
BRET experiment, confirming that non-radiative transfer is possible when both components are in
solution but not linked. Note the QR(680) is a different QR than used in the rest of this chapter.
Figure 3.1. (a-b) An idealized schematic of the alkyl-capped QD(800) QDs that were phase
transferred by ligand exchange with histidine (His), which rendered the QD(800)s hydrophilic and
colloidially stable (a). Next the QDs are incubated with 6xHis tagged PpyGRTS at increasing
loading ratios, L = [Ppy]:[QD(800)], between 0.5 - 10 (b).
Figure 3.2. PL emission (a) and PL-decay (b) of QD(800). The excitations were 530 and 420 nm
respectively. A single exponential was used to fit to PL-decay, yielding lifetime (τ) of 77.8 ± 1.5
ns.
Figure 3.3. TEM micrograph of PpyGRTS-QD(800) conjugates at L = 5 after negative staining
with phosphotungstic acid (a), and before staining (b). Statistical analysis of b shows a diameter
of d = 4.0 ± 0.5 nm (c).
Figure 3.4. (a) TGA results characterizing the original hydrophobic QD(800) (i), the His-QD(800)
after phase transfer and purification (ii), and the PpyGRTS-QD(800) conjugates at L = 11 (iii), 22
(iv), 43 (v). (b-c) FTIR characterizing the low and high energy vibration regions for His-QD(800)
(i) and conjugates at L = 10 (ii).
xi

Figure 3.5. Representative BRET emission spectra between PpyGRTS and QD(800) at L =
[PpyGRTS]:[QD(800)] = 1.0 (a), 2.0 (b), 5.0 (c), and 10 (e). Insets: PpyGRTS emission in absence
of QD(800) (a), bar graph summarizing measured BR dependence on L (d).
Figure 3.6: Additional BRET emission spectra collected for a repeat experiment for
PpyGRTS+QD(800) conjugates at L = [PpyGRTS]:[QD(800)] = 1 (a), 2 (b), 5 (c), 10 (d), with
corresponding BRET ratios (BR) shown.
Figure 3.7: (a) BRET spectra PpyGRTS+QD(800) conjugates at L = 20 with a BR = 2.2. (b) The
same sample after incubating with Ni sepharose beads that collect excess PpyGRTS, resulting in
a higher BR = 4.4.
Figure 3.8. The QD(800) and PpyGRTS spectral properties (a), and the calculated BRET
efficiency plot with idealized PpyGRTS-QD(800) distances (r) (b). Insert: Idealized donoracceptor distances and corresponding efficiency (dot) based on TEM determined QD diameter and
known crystallographic location of the LH2 binding site in Ppy.
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Chapter 1
Introduction

1.1 Introduction to Semiconductive Quantum Dots and Rods
1.1.1 History and Significance of Semiconductive Quantum Dots and Rods

Over the last several decades, semiconducting quantum dots (QD) have garnered attention within
the field of nanoscience for their unique optoelectronic properties. These properties, including
broad absorption profiles, narrow fluorescence emission profiles, and high quantum yield make
them attractive for applications such as next generation photovoltaic devices, light emitting diodes,
and biochemical probes for medical imaging techniques. The name “quantum dot” refers to the
idea that the nanocrystals are confined in at least one special dimension in a fashion akin to the
particle-in-a-box model within quantum mechanics. This confinement results in optoelectronic
properties that are strongly dependent on the dimensions of the nanocrystal (e.g. the “box”). Figure
1.1 shows the relationship between the size of quantum dots and the corresponding band gap
energy.

Figure 1.1. Schematic depicting the relationship between QD size and energy band gap. As QD
size decreases, band gap increases.
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An important characteristic of QDs is the ability to manipulate the morphology of the nanocrystals.
While spherical nanoparticles (NPs) are typically referred to as “dots,” there is abundant variety
in the morphologies that can be grown, such as, but not limited to: cubes1, tetrapods2, rods3, and
wires4, as depicted in Figure 1.2. It is also possible to add further structural complexity by changing
the morphology of the shell material. For example, it is possible to have a spherical core with a
spherical shell (dot-in-dot), or a spherical core with an anisotropic shell (dot-in-rod) or an
ellipsoidal core with an elongated shell (rod-in-rod), as well as other permutations.

Figure 1.2. Schematic representation of the generic phases of nanoparticle formation: (1)
nucleation of small nanoclusters, (2) growth of crystallites and (3) morphological differentiation,
controlled by growth kinetics (shown here: spheres, rods, cubes, tetrapods).
QDs are typically synthesized using an organometallic, hot injection reaction.5 A popular choice
for the QD composition is CdSe/CdS, which denotes a CdSe “core” NP that has a CdS shell
epitaxially grown onto it. These materials can exist in three crystal structures: zinc blende, wurtzite,
and rock salt. The crystal structure of a particular batch of QDs depends on varied factors,
including the capping ligands and temperature chosen for the synthesis. Figure 1.3 shows the unit
cells of the zinc blende and wurtzite structures.

2

Figure 1.3. (a) Zinc blende (cubic close-packed) and (b) wurtzite (hexagonal close-packed) unit
cell representations
This distinction between crystal structures becomes important when considering QD morphology.
If a spherical dot is desired, the zinc blende crystal structure is suitable, and to achieve it, a
synthetic route utilizing amine ligands and lower temperatures can be used6, although it is equally
possible to produce spherical quantum dots that have a wurtzite crystal structure using phosphonic
acids.7 Figure 1.4 shows a representative powder x-ray diffraction pattern of CdSe/CdS QDs with
wurtzite crystal structure.
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Figure 1.4. Powder x-ray diffractogram of a typical CdSe/CdS QD exhibiting the wurtzite crystal
structure.
In contrast, if quantum rods (QR) are the desired product, the nanocrystals must be of the wurtzite
form. This is because the wurtzite unit cell is intrinsically asymmetrical, which allows for
anisotropic growth. The precursor material nucleates and grows along the c-axis of the wurtzite
cell, creating an elongated nanorod. The cubic crystal structure does not allow for this, as it is
centrosymmetric, and thus does not possess inherent anisotropy. The wurtzite structure, on the
other hand, has polar and nonpolar facets, each of which have different rates of growth.8,9
Phosphonic acids adhere more strongly to the polar facets containing Cd, and bind strongly enough
such that the only significant growth that occurs is in the direction of the c-axis. It is known that
on the (001) face, the Cd atoms possess one dangling bond while Se has three, and conversely, on
the (00Ī), the Cd atoms have three dangling bonds while Se only has one.10 This results in the rod
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growing from the selenium rich side, while the phosphonic acids bind to the cation rich side. Figure
1.5 shows a collection of TEMs of QR with different morphology, obtained by exploiting the
different parameters effecting the growth kinetics.2

Figure 1.5. TEM micrographs showing different QR morphologies obtained by tuning monomer
concentration. Low monomer concentrations tend to yield spherical particles. Medium and high
monomer concentrations produce rice-like or long and thin rods, respectively, and extremely high
concentrations yield tetrapods. Reprinted with permission from Reference 2. Copyright 2003 John
Wiley and Sons.

It therefore becomes necessary to utilize phosphonic acids (or ligands with similarly strong binding
affinity for the Cd surface) at least in part, in order to achieve rod morphology. Using a low
monomer concentration in the synthesis will yield mostly spherical particles, whereas the other
end of the spectrum produces tetrapods. If rods are preferred, a medium amount of monomer
produces shorter, rice-like rods, whereas a higher concentration produces pencil-like QR.
Typically, QR are annealed for ~ 10 m, but given more time in the reaction mixture at high
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temperatures, they would move toward a more thermodynamically stable product, which would
favor a smaller surface area and a more spherical (but still faceted) particle.

1.1.2 Synthesis of Semiconductive Quantum Rods

Alivisatos and his group, in their seminal work on the shape control of CdSe nanocrystals (NCs)3,
outlined the extensive tunability of the optoelectronic properties of semiconductor nanomaterials.
In particular, they established how the growth kinetics of CdSe nanoparticles can be manipulated
to produce different morphologies ranging from spherical dots to rods with aspect ratio of ten.
Their results indicated that when the overall growth rate was slow, the reaction produced nearly
spherical, but faceted NCs, whereas when the overall growth rate was relatively fast, they produced
rod-like NCs. This is because a fast growth rate favors growth along the unique c-axis of the
wurtzite structure. This is particularly true when there is a high concentration of monomers
present.7

The researchers also found that another factor controlling morphology is the type of surfactant
molecule used. Pure trioctylphosphine oxide (TOPO), commonly used as the main coordinating
solvent, cannot be used alone because it results in growth rate that is too fast, producing large and
insoluble rods. If hexylphosphonic acid (HPA) was used in a concentration of 1.5 % by weight,
spherical NCs were the result. If, however, the concentration was increased to ≥ 5 %, rods were
produced.7

Another important development in the synthesis of highly monodisperse semiconductive QR has
been the seeded growth approach11,12, a schematic of which is shown in Figure 1.6 In this work,
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pre-made CdSe cores or “seeds” served as nuclei over which CdS shells were grown to form
tetrapods and rods. It was found that separating these two stages, instead of forming CdSe/CdS
nanocrystals in a one-pot reaction, allowed for more control over growth kinetics and morphology.

Figure 1.6. Scheme of the CdSe QR core synthesis, followed by the seeded growth method to
grow CdS shell over cores.
1.1.3 Optical Properties and Applications of Semiconductive Quantum Rods

The characteristics that make QDs and QRs so attractive are their optical and electronic properties.
In particular, QDs and QRs have broad absorption profiles, and the first band-edge absorption is a
reliable predictor of QD nanocrystal size.13 For QR, volume-dependent extinction coefficients are
used.14 Additionally, they possess narrow, gaussian emission profiles, and are relatively robust and
resistant to photobleaching.15 Taken together and combined with the fact that these properties are
highly tunable through synthesis, QDs and QRs are suitable for technologies where more
traditional fluorophores fall short.15 Figure 1.7 shows representative ultraviolet-visible (UV-vis)
spectra and photoluminescence (PL) spectra of CdSe and CdSe/CdS QDs.
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Figure 1.7 (a) Characteristic absorption spectra of spherical CdSe QDs (green and red traces) and
the same QDs with CdS shells grown over them (blue and orange traces) (b) Corresponding
photoluminescence emission spectra for the same QDs in (a).
One unique aspect of QRs is the optical anisotropy intrinsic in their absorbance and emission. This
polarization originates from the inherent asymmetry of the wurtzite lattice. Because the wurtzite
crystal structure has no inversion symmetry, a dipole moment is formed along the unique c-axis
of the QR.16 The surface, environment, and morphology of the QR contribute to the magnitude of
this dipole moment. Banin and coworkers extensively studied the absorption and emission
polarization of CdSe/CdS QR, and directly correlated the physical orientation of the QR to the
emission polarization angle.17For similarly sized dot-in-rod and rod-in-rod CdSe/CdS QR, they
found that the influence on the polarization from the dielectric effect was similar, since the volumes
of CdS shell were relatively close. However, the electronic contributions varied significantly, due
to the differences in core seed morphology.

Interestingly, the QR emission depends mostly on the diameter of the rod core, with very little
contribution from the length18–21. To take advantage of this, Banin and his group used the seeded
growth approach with rod-shaped CdSe seeds in order to form rod-in-rod QRs18. They found that
the extent of polarization is dictated by the dimensions of the core, and that rod-in-rod systems had
up to 1.5 times higher polarization than similar dot-in-rod systems.
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Recently, QR have been used in a multitude of applications. Since 2010, many groups have used
CdSe and CdS QR as sensitizers in TiO2 solar cell arrays, seeing consistent improvement from
their spherical QD counterparts.22–28 In 2014, Wu and coworkers used CdSe/CdS dot-in-rods with
a platinum tip for H2 generation and found that that they are excellent light absorbers, hole
acceptors, and electron acceptors29. In 2016, Cunningham et al. used anisotropic CdSe/CdS
nanorods and CdSe nanoplatelets in liquid crystal displays by taking advantage of their polarized
emission in unidirectionally aligned arrays.30 Here, QR arrays acted as “optical funnels” by
absorbing non-polarized light and then re-emitting that light with efficiencies of > 90% and with
a large linearly polarized component.

1.2 Förster Resonance Energy Transfer
1.2.1 Background on Förster Resonance Energy Transfer

Semiconductor QDs and QRs also serve as effective energy donors in resonance energy transfer
(RET) processes. Förster resonance energy transfer, or FRET, is a mechanism that describes an
interaction where energy is transferred between two species, called the donor-acceptor pair. FRET
is often referred to as fluorescence resonance energy transfer, although that term is not necessarily
accurate. While the process may occur between two fluorescent species, the method of energy
transfer is radiationless, and thus, occurs along a different pathway than fluorescence. The energy
transfer happens when a donor in an electronically excited state transfers energy non-radiatively
to an acceptor via long-range dipole-dipole interactions. This means that the excited species’
transition dipole is oscillating at an energy that is comparable to that of the acceptor’s dipole,
which allows the transfer to occur, if the two dipoles overlap in space. The emphasis here is that

9

the acceptor is not excited by the emission of a photon by the donor. However, if the acceptor
happens to be fluorescent, then it will emit a photon when it relaxes after being excited by RET.

Techniques involving energy transfer systems are becoming increasingly popular for biological
sensing,31,32 live cell imaging,33 and even hold promise for optoelectronic devices34. The kinds of
species and molecules that can participate in FRET are numerous. Some examples include
fluorescent dyes and proteins such as firefly luciferase,33 the latter of which is discussed in this
thesis. QDs and QRs can act as donor species due to their broad absorption profiles, and low
backgrounds.15 They have been touted as robust and resilient to photodegradation.15 Since
quantum dots are known for their narrow, bright, and Gaussian emission profiles, they are excellent
candidates for RET, as their photoluminescence emission peaks can be monitored easily using
fluorescence spectroscopy.

FRET is highly dependent on the physical distance between the donor and the acceptor species;
this makes it an excellent tool for measuring the distance between chromophores35,36, as long as
that distance is on the nanoscale and typically between 2-6 nm.37 Figure 1.8 shows a representative
Jabłoński diagram depicting the process that occurs in resonance energy transfer (RET).
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Figure 1.8. Jabłoński diagram showing the mechanism by which RET occurs.

There are multiple ways to measure FRET. Quantification occurs by considering loss of
fluorescence intensity of the donor and/or increase of signal for the acceptor. This is most
commonly monitored using fluorescence spectroscopy. As the donor and the acceptor are
physically brought closer together, the FRET efficiency38, or % = 1 −
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, increases.

This is because the donor is providing energy to the acceptor, so the fluorescence intensity of the
donor will decrease, while that of the acceptor will increase. In this expression, FDA is the
fluorescence intensity of the donor in the presence of the acceptor, and FD is the intensity of the
donor alone. R0 is the Förster distance, or the distance between the donor and the acceptor that
yields an efficiency of 50%, and r is the physical distance between the donor and the acceptor. The
Förster distance38 is given by the expression 12 3 = 8.8 × 1089 : 8 ;< = > ?< @ , where k is the
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orientation factor, hD is the refractive index of the solvent, QD is the quantum yield of the donor,
and J is the spectral overlap integral.

For the energy transfer to be “efficient,” it is important for the emission spectrum of the donor and
the absorbance spectrum of the acceptor to overlap. This means that when the donor is excited and
subsequently relaxes and loses energy, the acceptor is able to absorb that same energy, as long as
there is sufficient overlap. The spectral overlap is quantified with the overlap integral38 J, given by
@ = ∫ B< (D)#F (D)D> GD, where fD is the fluorescence emission intensity of the donor and eA is the
extinction coefficient of the acceptor. It is also important for the donor to have a high extinction
coefficient and a high photoluminescence quantum yield.

The orientations of the transition dipoles of the donor and acceptor are also important to the energy
transfer process. The orientation factor, k, can theoretically lie between 0 and 4, where 0 represents
a scenario in which the dipoles are perpendicular to each other, 1 corresponds to when they are
parallel, and 4 is when they are collinear. The orientation factor is often taken to be 2/3
(approximately parallel) for commonly studied systems, but should always be calculated, as
considerations such as polarization can change the situation dramatically.38

One drawback to systems that employ FRET is that they rely on the presence of an external light
source in order to provide incident light to excite the donor chromophore. With this part of the
process comes the potential for co-excitation of the acceptor, which can result in artifacts in the
data, as well as photobleaching, or degradation of the sample over time due to excessive exposure
to photons. This is one reason why QDs typically act as energy donors, rather than acceptors, in
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FRET. One way to compensate for the possibility of background fluorescence is to use a nonfluorescent acceptor species, so that there is no chance for direct excitation.

1.2.2 History and Advances in Bioluminescence Resonance Energy Transfer

Another way to avoid co-excitation of the energy acceptor is to instead employ a phenomenon
known as BRET, or bioluminescence resonance energy transfer. In BRET, a bioluminescent donor
compound is responsible for the light that excites the acceptor species. The bioluminescence is
produced via interaction with an enzyme and substrate and does not require the use of an outside
excitation source. This can be extremely advantageous when considering the use of RET for
medical applications, as the need for an external excitation source can create complications for in
vivo studies. This mechanism for excitation that relies on bioluminescence also allows for QDs to
act as energy acceptors, since there is no risk of co-excitation. Another advantage of BRET over
FRET is that BRET typically allows for longer working distances between donor and acceptor.39

In contrast with FRET, a more practical way to quantify energy transfer efficiency in BRET
systems is with a metric known as BRET ratio (BR), given by B1 =

F0IJKLLMNOPQ
RSTUVPWPQ

, where the area

of the acceptor and the donor are taken from the photoluminescence emission peaks of the
respective species. These quantities provide insight into how efficient the energy transfer is for a
given system.

In their groundbreaking work, Rao and coworkers showed that spherical semiconductor QDs
functionalized with carboxylate groups can be used as energy acceptors with the bioluminescent
enzyme Renilla reniformis luciferase (RLuc) as the energy donor, producing conjugates that are
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well-suited for in vivo imaging40. The researchers found that for 5 pmol of the new BRET
conjugates, there was a signal-to-background ratio of > 103. Shown below in Figure 1.9 is the in
vivo imaging inside a mouse model. Since then, the researchers have improved the stability of
their BRET conjugates by encapsulating the QDs in a polyacrylamide gel. This resulted in some
loss of brightness, but improved stability significantly. 41

Figure 1.9. Bioluminescence and fluorescence coming from QD-luciferase conjugates (5pmol)
injected subcutaneously (I) and intramuscularly (III), and luciferase (30 pmol) injected
subcutaneously (II) and intramuscularly (IV). (a) No filters (b) Using 575-650 nm filter (c)
excitation filter 503-555 nm. Reprinted with permission from Reference 40. Copyright 2006
Springer Nature.
Since then, a multitude of research has been done involving QDs undergoing BRET for such
varied applications as cancer detection,42–46 photodynamic therapy, 47 and other bioimaging40,48–
54

and assays32,41,55–69. Again using RLuc, Cissell and coworkers developed a nucleic acid

detection method using QDs hybridized with an oligonucleotide probe.70 They found that they
were able to detect as little as 4pmol of nucleic acid using this BRET system. Figure 1.10 shows
a scheme representing the conjugation and subsequent BRET conjugate.
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Figure 1.10. Schematic representation of BRET-based assay. a) Hybridization of QD + RLuc and
addition of the substrate coelenterazine, resulting in BRET emission. b) The interruption of the
BRET signal as a result of competitive binding between target DNA in the sample and the QD
probe. Reprinted with permission from Reference 70. Copyright 2008 Springer Nature.

Researchers studying BRET continue to make improvements in both the performance and
properties of various substrates71,72, as well as those of the bioluminescent enzymes themselves72.
Branchini’s group created five novel analogues of the substrate luciferin by exchanging the
benzothiazole ring in the native structure with other substituents. Of the five new substrates, the
benzothiophene analogue was found to be 4 times more active than the original luciferin and had
an emission wavelength that was blue-shifted by 37 nm. Figure 1.11(a) shows the structures of the
five analogues of luciferin that were synthesized, and Figure 1.11(b) shows their normalized
bioluminescence spectra.
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Figure 1.11. (a) Structure of the native luciferin substrate and the five analogues that were
developed. (b) Normalized bioluminescence spectra of LH2 (black) and its analogues (BfLH2,
green; BtLH2, blue; BoLH2, orange; BiLH2, magenta). Adapted and reprinted with permission
from Reference 72. Copyright 2012 American Chemical Society.
Additionally, a relatively new luciferase enzyme, NanoLuc, has been shown to have activity that
is 150 times greater than that of both firefly and Renilla luciferases.71

1.3 Silica Coating and its Advantages
Two important components to consider when designing nanomaterials are the surface chemistry
and passivation. The presence of traps or defects on the surface of QDs or QRs results in a
reduction of photoluminescence quantum yield. In addition to preventing aggregation, this is the
purpose served by the capping ligands in QD/QR synthesis: to provide surface passivation.
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A further way to protect the surface of a nanocrystal is by growing an inorganic shell over the core
material, as is widely seen in typical QD and QR systems (e.g. CdSe/ZnS, CdSe/CdS). Additional
inorganic shells can be grown that do not directly affect the optical properties of the nanomaterial
(i.e. no spectral shift) but do improve stability. One such material that can be used in this regard is
silica (SiO2), which is capable of rich surface chemistry and is optically transparent73 and thus does
not change the photophysical properties of the QRs, but does enhance the colloidal stability, which
can result in higher photoluminescence quantum yields74. Another reason to consider silica coating
is the relative safety of the material. Silica is inert and nontoxic, making it a very attractive option
for rendering nanoobjects safer to use in biological applications75.

1.3.1 Silica Shell Growth Techniques and Applications

In order to grow a silica shell on nanomaterials, researchers have used the Stöber method,76,77
which is a sol-gel process, and more recently, a technique known as the reverse microemulsion
method.78–81 The latter has been used to silica coat gold nanoparticles, and the same principles can
also be applied to semiconductive and magnetic NPs82. Despite the efficacy of the Stöber method
in growing silica shells over metal NPs83 and microparticles77,84, it does not produce consistent
shells around single QDs.85 However, the reverse microemulsion method does achieve this
goal.86,78

The silica shell growth occurs by way of two steps: first, hydrolysis of an alkoxysilane precursor,
usually tetraethylorthosilicate (TEOS) occurs in the presence of water with either an acid or a base
to act as a catalyst, which is then followed by a condensation reaction, as seen below.80
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Step 1: Hydrolysis:
Si(OC2H5)4 + 4H2O ⇌ Si(OH)4 + 4C2H5OH
Step 2: Condensation:
Si(OH)4 ⇌ SiO2 + 2H2O
Overall stoichiometric reaction:
Si(OC2H5)4 + 2H2O ⇌ SiO2 + 4C2H5OH
There has been some debate about the exact mechanism of how QDs or NPs are encapsulated in
the silica80, but Nann and colleagues suggested two viable options, as shown in Figure 1.12 below.

Figure 1.12. Two proposed mechanisms for silica growth onto QDs (a) Silica growth not involving
a ligand exchange step (b) QD undergoes ligand exchange where TOPO is replaced with TEOS,
TOPO is released into water within Igepal CO-520 (surfactant, denoted “NP 5” here) micelle, and
silica subsequently grows onto surface of QD. Reprinted with permission from Reference 80.
Copyright 2005 American Chemical Society.
Koole and coworkers have further elucidated the mechanism to be one closer to that proposed in
Figure 1.12 (b) above, resulting in the accepted mechanism shown in Figure 1.13, wherein a ligand
exchange does take place, and silica growth occurs inside the hydrophilic part of the micelle
formed by the Igepal CO-520 molecules86.
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Figure 1.13. Schematic of proposed mechanism for silica coating of QDs via the reverse
microemulsion method. (a) Original octadecylamine (ODA) coated QDs. ODA is either replaced
with TEOS (b1) or Igepal CO-520 (denoted “NP-5” here) (b2), depending on which is added first.
(c) Surfactant and hydrolyzed TEOS coat the QD surface. When ammonia is added, any
unhydrolyzed TEOS is hydrolyzed, and replaces all Igepal CO-520 molecules on QD surface. (d)
Ammonia and water molecules are located around and between Igepal CO-520 molecules and
TEOS-functionalized QD. Reprinted with permission from Reference 86. Copyright 2008
American Chemical Society.
Recently, the reverse microemulsion technique described here has been used to grow silica shells
onto semiconductive QDs87,88 and QRs89, magnetic nanoparticles90, and perovskite nanocrystals91.
Huang and coworkers capitalized on trace amounts of water in analytical grade toluene in order to
coat their perovskite nanocrystals with SiO2 shells, drastically improving their colloidal stability.92
This was a clever workaround, as water is required for the hydrolysis step in the shell growth
mechanism, and perovskite NPs are famously unstable in water.93 Kobayashi et al. synthesized
silica-coated amorphous cobalt nanoparticles, that crystallized into metallic NPs after annealing in
air.94 Both the amorphous and crystalline samples showed promising magnetism, which can be
exploited for applications such as magnetic data storage and ferrofluids. Figure 1.14 shows
hematite (!-Fe2O3) NPs coated with varied SiO2 shell thicknesses and then assembled into ordered
structures.95
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Figure 1.14. A selection of silica coated !-Fe2O3 NPs; different shell thicknesses were achieved
by varying the amount of alkoxysilane precursor used. Reprinted from Reference 95. Copyright
2010 American Chemical Society.
Interestingly, the researchers found that the silica shells suppressed the material’s inherent
sensitivity to hydrogen, which helped elucidate that the origin of the sensitivity stemmed from spin
variations in the hematite surface.95

In the past few years, researchers have begun combining QDs and magnetic NPs within the same
silica shell to produce “superparticles” with multiple functionalities;96–101 these NPs can
simultaneously serve as multi-photon and magnetic resonance imaging probes.101 Many of these
silica coated nanomaterials go on to become components in drug delivery systems,102,103
theranostics,104 photodynamic and chemotherapy,105,106 and live-cell imaging.107,108
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1.4 Research Overview and Motivation

This thesis incorporates components of each of the topics discussed above. In Chapter 2, I discuss
our BRET nanoconjugate system, wherein QR are conjugated with firefly luciferase and undergo
resonance energy transfer. The main purpose of this work is to understand the fundamental factors
that influence energy transfer efficiency. Considerations such as QR aspect ratio, quantum yield,
microstructure and defect concentration are explored, in addition to different donor enzyme and
substrate combinations. In Chapter 3, another BRET system employing a near-infrared emitting
quantum dot and firefly luciferase is expanded upon. High BRET ratios and emission in the nearinfrared region make this system promising for in vivo imaging and night vision applications. In
Chapter 4, the silica-coating of QR and magnetic core/alloy metal nanoparticles is discussed. Silica
coating of QR was employed in order to improve colloidal stability in aqueous media and to
improve optical properties, as well as to afford the potential to study BRET distance-dependence.
I also describe the use of our silica-coated magnetic nanoparticles for reversibly separating small
fragments of single and double stranded DNA from solution.
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Chapter 2
Probing the High Bioluminescence Resonance Energy Transfer Efficiency in
Quantum Rod – Luciferase Nanoconjugates
In this chapter, I describe my work on the design of CdSe/CdS quantum rod (QR) – firefly
luciferase (Ppy) conjugates for bioluminescence resonance energy transfer (BRET). In this work,
we synthesized two QR that emit at two different colored wavelengths, each with three distinct
aspect ratios (l/w). These QR were conjugated with blue, green, and red emitting Ppy in order to
create multiple unique bionanoconjugates. Factors contributing to high energy transfer efficiency
were studied, such as the optical and morphological properties of the QR. The highest BRET ratios
were achieved with a combination of the QR with the lowest aspect ratios and the red-emitting
Ppy. Defect populations on the QR surface were observed by growing gold nanoparticles onto
these sites, and it was hypothesized that Ppy preferentially binds to defect sites upon first landing
on the QR surface. Defect binding is supported by a red shift in BRET emission at low loading
ratios, where the highest efficiency is observed. As loading ratio increases, BRET emission
converges toward the expected band gap emission of the QR. This work is reproduced with
permission from ACS Nano, 2016, 10, 1969-1977. Copyright 2016 American Chemical Society.
2.1 Introduction

One rapidly advancing area of nanoscience is designing new combinations of bio- and nanoobjects to form functional conjugates with synergistic or de novo properties. These conjugates are
oftentimes classified as bio-mimetic or bio-inspired, but in many cases are closer to abiotic. Using
these bio-nano combinations, nanoparticles can be assembled into chiral chains, superlattices with
defined symmetry and bond lengths,3 molecule-like clusters,4 and even integrated into 3D origami5
The nano-objects often employed for functional versatility are quantum dots (QDs) or quantum
rods (QRs), wherein the inherent optoelectronic properties including large stokes shift, broad
absorption, and narrow/tunable emission6 are combined with bio-objects, like DNA,7 peptides,8
proteins,9 and enzymes.10 The QD can then be used as donors of energy via processes like Förster
resonance energy transfer (FRET) to bio-object acceptors, leading to many novel donor-acceptor
designs.6,11 One configuration less studied is that of a bio-object energy donor and a nano-object
acceptor. This is especially true for QDs.12 Using and quantifying QDs as energy acceptors is
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challenging for a number of reasons, which are primarily related to the ease of co-excitation. To
overcome co-excitation, it would be beneficial if the bio component catalyzed some type of
energy-generating event, such as a chemical conversion leading to, for example,
bioluminescence.13,14 Rao and colleagues had the foresight to design such a bionano-conjugate,
and attached bioluminescent luciferase enzymes to a QD for the first time,15 showing that QDs
could behave in an energy-accepting capacity, and that bioluminescence resonance energy transfer
(BRET) was possible.16–20

Fascinated with these bionano-conjugates, and inspired by the design challenge in understanding
the role the QD acceptor plays in BRET ratio, we recently studied QRs in BRET, with the goal of
increasing efficiency by way of engineering the QR surface chemistry and microstructure.21 We
showed that when combining QRs with rod-in-rod microstructure (r/r) upon which Photinus
pyralis (Ppy) was bound directly to the interface, high BRET ratios (BR) could be obtained.21 We
further showed that multi-step BRET-FRET is possible using an assortment of QRs that are either
active or passive in energy transfer,22 and that these designs can also be pushed to the near infrared
(nIR).23 In addition, a number of groups have recently expanded BRET at the nanoscale, via
concentric QD BRET-FRET,24 via integrating BRET in DNA photonic wires,25 by improving
bioluminescence decay rates, 26 and by wrapping protein and QDs in polymer nanocapsules. 27

One interesting question that still remains in these conjugates is what the optimum optical and
morphological parameters are to accomplish high or tunable BRET on demand, which will lead to
advances in brightness, stability, and efficiency, allowing for performance gains in applications
like lighting, signaling, sensing, and imaging. In this chapter, we investigate these parameters by
designing a number of different r/r-QR microstructures, colors, and aspect ratios. We then
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combine these with multiple Ppy donors in which spectral overlap can be varied and understood.
We show that certain combinations have the highest propensity for energy transfer, and that using
the QR as the energy acceptor requires careful normalization of BR and efficiencies to the
characteristics of the rods. We further investigate the role of defect binding by the Ppy, and
hypothesize the role that optical anisotropy inherent to the QR architecture may be playing in the
BRET efficiency gains.

2.2 Experimental
2.2.1 Materials:

Cadmium oxide (CdO, 99.99%), trioctylphosphine (TOP, 90%),

trioctylphosphine oxide (TOPO, 90%), octadecene (ODE, 90%), methylphosphonic acid (MPA,
98%), sulfur (S, 100 mesh), zinc acetate (ZnAc2, 99.99%), octylamine (OAm, 99%),
didecyldimethylammonium bromide (DDAB, 98%), Gold (III) chloride hydrate (HAuCl4,
99.99%), dodecylamine (DDA, 99%) olelyamine (OAm, 90%), L-histidine (His, >99.8%), sodium
borohydrate (NaBH4, >96%), sodium tetraborate (99.5%), boric acid (>99.5%), toluene (≥99.5%),
chloroform

(>99.8%),

methanol

(>99.8%),

acetone

(99.5%),

and

(11-

mercaptoundecyl)tetra(ethylene glycol) (PEG, 90%) were purchased from Sigma Aldrich.
Selenium (Se, 200 mesh 99.99%) was purchased from Alfa Aesar. Octadecylphosphonic acid
(ODPA, 98%) and hexylphosphonic acid (HPA, 98%) were purchased from Strem Chemicals.
Ultrapure water (18.2 MΩ) was provided from a Sartorius Stedim Arium 61316 reverse osmosis
unit combined with an Arium 611DI polishing unit. The adenosine 5’-triphosphate magnesium salt
(Mg-ATP, > 95%) was purchased from Sigma-Aldrich, and restriction endonucleases from New
England Biolabs (Beverly, MA). D-Firefly luciferin (LH2) and benzothiophene luciferin (Bt LH2)
were generous gifts from Promega (Madison, WI).

31

2.2.2 Measurements and Instrumentation:
The BRET experiments were carried out as described recently.38-40 In a typical BRET experiment,
a mixture of 100 µL of 91 µM LH2 (D-firefly luciferin) and 30 µL of 8.66 mM Mg-ATP in 25 mM
gly-gly buffer (pH 7.8) is quickly added to the Ppy-QR conjugate solution in a 96-well plate and
bioluminescence emission is immediately collected. The bioluminescence and BRET were
collected on a Varian Cary-Eclipse spectrophotometer in bioluminescence /chemiluminescence
mode using a 96-well plate reading accessory. White 96-well plates were employed, with volumes
ranging from 50-200 µL. Bioluminescence spectra were collected every 15 seconds for 7.5 minutes.
The instrument was corrected for detector sensitivity by comparison of fluorescence standard
emission intensities (500 – 800 nm) with the corrected detector on the Fluoromax-4
spectrophotometer (see above). The presented BRET results are the average of the first five spectra
collected over 1.5 min after addition of LH2. Peak area was calculated by spectral deconvolution
of each spectrum using the data analysis package in Igor Pro (Wavemetrics Inc.). Fluorescence
quantum yields and anisotropy measurements were collected on a Horiba Fluoromax4
spectrofluorometer equipped with automatic excitation and emission polarizers. QY measurements
were performed on solutions well below 0.1 optical densities at points of excitation (400 nm),
whereas best anisotropy results were obtained for concentrations approaching this limit. Quantum
rod and Ppy concentrations were obtained using optical absorption measurements via a Varian
Cary Bio100 UV-visible spectrophotometer (UV-vis). The transmission electron microscopy
(TEM) results were obtained using a JEOL 2000EX transmission electron microscope operated at
100 kV. Samples were drop-cast onto a carbon coated copper grids. Particle size and aspect ratio
were analyzed manually with statistical analysis performed using ImageJ and Corel Draw software.
The Fourier Transform Infrared (FTIR) data was acquired using a Nicolet 6700 FTIR spectrometer
equipped with a diamond smart iTR attenuated internal reflectance accessory, and a liquid N2
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cooled MCT-A detector. Samples were drop cast as neat solutions, or dried powders on the ATR
crystals. The TGA experiments were performed on a PerkinElmer Pyris1 TGA with a thermal
analysis gas station and under 20% O2 in N2 purge with a heating rate of 5 oC/min after drying the
samples prior to analysis. The TCSPC (PL decay) measurements were performed at Brookhaven
National Laboratory (BNL) in the Center for Functional Nanomaterials (CFN) USER facility. PL
decays were measured by TCSPC using a 420 nm pulsed laser excitation. The setup is based on a
frequency doubled diode-pumped Ti:sapphire laser system (Newport Spectra Physics, 8 MHz
repetition rate, 60 fs pulse width) and a Fluorotime 200 time-resolved fluorescence spectrometer
(Picoquant GmbH). Fluorescence decays were collected at magic angle, detected by a
microchannel plate photomultiplier (Hamamatsu, 25 ps response) and registered by a TCSPC
module (Picoharp 300, Picoquant GmbH). Decay histograms were collected with a time resolution
of 4 ps per channel and analyzed by biexponential decay model after correction for instrument
response function.

2.3 Synthesis and Assembly of Quantum Rod – Luciferase Conjugates
2.3.1 Quantum Rods with rod-in-rod (r/r) morphology (CdSe/CdS(615)): First, CdSe cores with
rod morphology were synthesized. To do so, a mixture of CdO (0.06 g, 0.47 mmol), TOPO (3.00
g, 7.7 mmol), DPA (0.20 g, 0.90 mmol), and 2 ml of ODE in a four-neck round-bottom flask was
heated to 150 °C under vacuum for one hour. Then the reaction mixture was placed under argon
and the temperature was increased to 330 °C in order to dissolve CdO. When the solution changed
from red-brown to clear and colorless, the temperature was raised to 340 °C. Then 0.5 mL of TBP
was injected. Once the temperature stabilized at 340 °C, an injection of Se (0.05 g, 0.63 mmol)
dissolved 1 mL of TBP prepared in the glove box, was swiftly injected into the reaction mixture
and annealed for 10 minutes. Finally, the reaction solution was cooled to room temperature. In
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order to prevent solidification, a small amount of toluene was added at 60 °C then cleaned and
dispersed in toluene. The resulting CdSe rod cores had an aspect ratio of l/w = 2.5 ± 0.3 (l = 9.9 ±
0.9, w = 2.5 ± 0.3) (Figure 2.3). For growth of the CdS rod shell, CdO (0.03 g, 0.23 mmol), TOPO
(3.00 g, 7.7 mmol), ODPA (0.14 g, 0.42 mmol), HPA (0.04 g, 0.24 mmol) and 2 mL of ODE were
mixed and heated to 150 °C under vacuum for 1 hour. Then in an inert atmosphere, the reaction
was heated to 330 °C until the solution turned clear and colorless, then the temperature was
increased to 365 °C. Once the temperature stabilized, a solution of dried CdSe QRs and sulfur
(0.06 g, 1.9 mmol) was prepared in 2.0 ml of TOP in the glove box and quickly injected into the
reaction flask. For the growth of the CdS shell, the reaction mixture was annealed for 10 minutes
after the injection. Next the QRs were cooled to room temperature and treated the same way as
CdSe seeds. In order to grow CdS shells of different l/w, the moles of CdSe QRs was varied.
2.3.2 Quantum Rods with rod-in-rod (R/R) morphology (CdSe/CdS(650): QR650 samples were
synthesized using the previous procedure with slight modifications. For the CdSe core synthesis,
a mixture of ODPA (0.25g, 0.75 mmol) and MPA (0.008 g, 0.08 mmol) was used and an injection
temperature of 360 °C was used. These changes produced larger CdSe QRs, Figure 2.3 shows
TEM of CdSe with an l/w = 4.1 ± 0.4. For the CdS shell growth and purification, the procedure
described above was used.
2.3.3 AuNP growth on CdSe/CdS: For Au growth on CdSe/CdS QRs, an Au solution was made
by mixing HAuCl4 (7.4 µmol, 2.5 mg), DDA (0.19 mmol, 35 mg), DDAB (49.2 µmol, 20 mg) in
4 ml of toluene and sonicated until the color changed from brown to golden yellow, indicating the
phase transfer into toluene. Then 1 x10-10 mol of CdSe/CdS QRs were added in 10 ml of toluene.
The CdSe/CdS QR and Au mixture was stirred under argon flow in room temperature and room
light for 24 hours. Au growth was indicated by the quenching of fluorescence and change in the
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color of the reaction mixture from red to purple to finally brown. Then the reaction was quenched
by purification. First toluene was stripped off, ethanol was added, sonicated and the QRs were
precipitated via centrifugation. Finally, samples were dispersed in toluene and stored in the dark.
2.3.4 Ppy Expression: The plasmids for 6xHis-PpyGRTS and PpyRE9 were constructed by
excising the corresponding genes for PpyGRTS and PpyRE9 from the pGEX-6P-2 vector and
ligating them into a modified pQE30 expression vector using previously described procedures.2830

The His-tagged proteins were expressed and purified as earlier reported.30 The proteins could be

stored at 4 °C after they were dialyzed against 50 mM Tris_HCl (pH 7.0) containing 150 mM NaCl,
1.0 mM EDTA, 1.0 mM DTT, 0.8 M ammonium sulfate. The found molecular masses (Da) of the
proteins used in this study were within the allowable experimental error (0.01%) of the calculated
values (in parenthesis): 6xHis-PpyGRTS, 61,996 (62,002) and 6xHis-PpyRE9, 61,975 (61,974).
Protein concentrations were determined with the Bio-Rad Protein Assay system using BSA as the
standard. DNA sequencing to verify the ligations was performed at the W. M. Keck Biotechnology
Laboratory at Yale University.28,29,31 Mass spectral analyses were performed by tandem HPLCelectrospray ionization mass spectrometry (LC/ESIMS) using a ThermoFinnigan Surveyor HPLC
system and a ThermoFinnigan LCQ Advantage mass spectrometer and previously developed
conditions for protein mass determinations.31

2.3.5 Histidine-Mediated Phase transfer & Ppy Conjugation:

The

QR

were

phase

transferred to aqueous buffers using our Histidine-mediate phase transfer protocol.32,33 The organic
ligands of the QR were directly exchanged with the molecule L-histidine (His), rendering them
hydrophilic, and both colloidially and optically stable. This histidine-mediated phase transfer
method was achieved by adding a ~5000-fold [His]:[QD] molar excess.34 Initially a histidine
solution was prepared by dissolving histidine in a basic 3:1 MeOH/H2O solution. Then ~5000-fold
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excess of the histidine solution was added to cleaned QRs dispersed in chloroform and vortexed
for 1 minute. This resulted in the QRs being transferred to the aqueous layer, to 10 mM borate
buffer (pH 8.3). Excess organic ligands were back-extracted by addition of fresh chloroform,
vortexing, and decanting of the organic solution. This extraction procedure was repeated at least
four times. Then excess histidine molecules were removed by rinsing the hydrophilic QRs with 10
mM borate buffer using a 100kDa molecular weight centrifugal filter (Millipore). Finally, the QRs
were dispersed in 10 mM borate buffer and refrigerated before use. The QR concentration was
calculated as described below. Next, the Ppy were incubated with His-QRs at increasing molar
ratios, L = [Ppy]:[QR] from 1-40. The conjugation was allowed to occur for at least 15 min before
measurements. Typical QR concentrations were ≈ 500 nM.

2.4 Calculations

2.4.1 QR Concentration: The concentration of QR was calculated based on UV-vis optical
absorption at 350 nm using extinction coefficients (εQR) based on the average volume of the QRs.35
The final concentrations were obtained using the Beer-Lambert equation, Abs = εbc; where ε is
the estimated extinction coefficient (M-1 cm-1), b is the path length, and c is concentration. A
tabulation of the calculated ε values is given in Table 2.1.
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Table 2.1: Optical and FRET parameters for QR BRET nanosystems.
BRET Nanosystems
QR(650)

QR Absorption1

PPY-GRTS 2

PPY-RE9 3

GRTS + BtLH2 4

l/w

λA
(nm)

Z (M-l cm)

J (cm6)

R0 (nm)

J (cm6)

R0 (nm)

J (cm6)

R0 (nm)

Small

623

6.11 x 105

7.33 x 10-12

8.8

7.05 x 10-12

7.3

7.63 x 10-12

7.2

Medium

625

6.50 x 105

7.74 x 10-12

8.8

7.54 x 10-12

7.4

8.03 x 10-12

7.2

Large

632

7.94 x 105

1.17 x 10-11

9.4

1.05 x 10-11

7.8

1.25 x 10-11

7.8

1)

The QR first absorption maxima (λA), and calculated extinction coefficient (Z). 2) Calculated using PpyGRTS
QY of 32% and emission maxima of 547 nm. 3) Calculated using a PpyRE9 QY of 12% and emission maxima
of 617 nm. 4) Calculated using estimated BtLH2 QY of 10%, and emission maxima of 520 nm.

2.4.2 QR Quantum Yield (QY): The QR photoluminescence quantum yields (QY) were calculated
based on comparison to a reference dye using standard methods (equation 1):36

æ Abs öæ PL öæ h 2 qdot ö
R
QYqdot (%) = QYR çç
÷÷ç qdot ÷ç 2 ÷
Abs
è
qdot øè PLR øè h R ø

(1)

where QYR is the reference dye quantum yield (Rhodamine 6G = 95%), AbsR and AbsQD are the
optical absorption at specific excitation for the reference dye and QR samples respectively. PLR
and PLQD correspond to the total area of the PL emission after wavelength dependent calibration
of both the excitation source, and photoluminescence detector, as well as after PL spectra baseline
correction.

2.4.3 Förster Resonance Energy Transfer (FRET) & Optical Anisotropy: In this study, the
bioluminescence resonance energy transfer (BRET) constants were calculated in the identical
manner to FRET. In FRET, the Förster distance (R0) is calculated using equation 2:36,37
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R0 = 9.78 x 103((κ2n-4QDJ(λ))1/6

(2)

where n refractive index of the medium (n = 1.33), κ is the dipole orientation factor (κ = 2/3), QD
is the donor quantum yield QY(GRTS) ≈ 32%, and J(λ) is the spectral overlap integral. The J(λ)
value can be calculated using equation 3:

J( λ ) =

∫ F ( λ )ε
D

A(

λ ) λ4 dλ

(3)

€
where l is the defined wavelength of the donor-acceptor spectral overlap, and FD(λ) is the
integrated donor emission with area normalized to unity, and eA(λ) represents the acceptor
extinction coefficient at the particular wavelength. When eA(λ) is in units of M-1cm-1, and λ is in
units of cm, the units for J(λ) are M-1 cm3.

Using the R0 values calculated above, the FRET efficiency, E, was calculated using
equation 4:36,37
6

F
R
E =1− DA = 6 0 6
FD
R0 + r

(4)

where FDA is donor fluorescence in the presence of acceptor, and FD is fluorescence of the donor

€ of the calculated BRET constants is shown in Table 2.1 and 2.3.
without acceptor. A tabulation

Fluorescence anisotropy (<r>) measurements were collected using an L-shape spectrometer setup and a Fluoromax-4 spectrofluorometer equipped with automatic emission and excitation
polarizers. The <r> was calculated by:36
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< \ >=

^∥ =^`
^∥ /8^`

(5)

where a∥ and ab are the fluorescence intensities polarized parallel and perpendicular to the
excitation polarization, respectively. The anisotropy values vary from -0.2 (where the absorption
and fluorescence dipole moments are perpendicular) to 0.4 (where they are parallel). Excitation
anisotropy measurements of each QR was performed using 1nm slit widths.

The orientation factors (:) values were calculated using:
: = ĉ < ∙ ĉ F − 3(ĉ < ∙ 1g<F )(ĉ F ∙ 1g<F )

(6)

where ĉ < is the vector along the transition dipole of the donor, ĉ F is the vector along the transition
dipole of the acceptor, and 1g<F is the vector between the two transition dipole moments. For
anisotropic systems, the : 2 can theoretically vary from 0 (where the transition dipole moments are
perpendicular in plane) to 4 (where the transition dipole moments are parallel in plane, for
example).

The QR PL-decay determined lifetimes were determined by fit to a bi-exponential decay
function after correction for instrumental response function:

$ −(t − t 0 ) '
$ −(t − t 0 ) '
( + a2 exp%
(
I(t) = I0 + a1 exp%
& τ1 )
& τ2 )

(7)

where I is the intensity in counts, t0 is the off-set time determined by the instrumental response,
and $1 and $2€are the determined lifetimes.
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2.5 Results & Discussion
The bio- and nano-components used in this work are shown in Figure 2.1. Two luciferase enzymes
derived from Photinus pyralis (Ppy) were used in this study. A thermostable variant (denoted as
PpyGRTS) was designed to produce green bioluminescence at 547 nm when in the presence of
excess D-firefly luciferin (LH2),41 and blue bioluminescence at 525 nm when in presence of a
benzothiophene LH2 analogue (BtLH2).42 Another variant (denoted as PpyRE9), produced red
bioluminescence at 605 nm with LH2.43 Each enzyme had a N-terminus hexahistidine tag (Histag) that was used for both affinity column purification, and as a means for attachment to the Cd2+
rich QR interface.
PpyRE9+LH2

LH2

LH2

(c)

l = 13.4

(d)

QR(615)

l = 22.4

w = 5.4

PpyGRTS+LH2

BtLH2

w = 4.4

PpyGRTS+BtLH2

QR(650)

(iii)
Luciferase-Derived Bioluminescent Donors

(a)

small (s)

His-tag

(iii)

l = 31.0

l = 20.4

QR(650)

QR(615)

large

medium

(iii)

+

assembly

BRET
QR
emission

or

CdSe

His-capping

medium (m)

(iii)
Ppy
quenching

CdSe

CdS

l = 50.1

l = 32.3

Rod-in-Rod QR Acceptors

QR(650)

CdS

large

(iii)

(iii)

large (l)

(b)

Figure 2.1. The bioluminescence of blue, green, and red Ppy+substrate variations (a), and Ppy+QR
assembly design and QR optical properties (b). A collection of TEM micrographs for QR(615)
(c) and QR(650) (d) with –s (i), –m (ii), and –l (iii) analogues.
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For additional optical statistics and values, as well as TEM and size histograms see Table 2.1-2.3
and Fig. 2.2-2.3.

The QR morphology and microstructure consisted of a rod-shaped CdSe core with Wurtzite crystal
structure which was synthesized using standard methods in the presence of alkylphosphonic
acids21,44 and a rod-shaped CdS shell deposited at the core, producing a CdSe/CdS QR with rodin-rod (r/r) microstructure (Figure 2.3).

Figure 2.2. Additional TEM micrographs of QR(615)-s (a, l = 13.4 ±1.4 nm, w = 4.4 ± 0.3 nm), m (b, l = 20.4 ± 1.4 nm, w = 4.6 ± 0.4 nm), and –l (c, l = 32.3 ±2.9 nm, w = 4.7 ± 0.3 nm), and
additional TEM micrographs of QR(650)-s (d, l = 22.4 ±1.9 nm, w = 5.4 ± 0.4 nm), -m (e, l = 31.0
±2.5 nm, w = 5.4 ± 0.3 nm), and –l (f, l = 50.1 ±6.1 nm, w = 5.7 ± 0.4 nm).
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In this study, the CdS shell was tailored to three aspect ratios (length/width, l/w) by controlling the
concentration of CdSe seeds in the growth conditions. The two sets of QRs with emission at 615
nm (denoted as QR(615)) and 650 nm (denoted as QR(650)) revealed characteristic broad
absorption spectra and sharp emission spectra (b). For QRs, emission wavelength is largely
controlled by core width, and thus small (s), medium (m), and large (l) variants, each with
increasing l/w, had only slightly different emission wavelengths (Table 2.1). Figure 2.1 shows the
corresponding transmission electron microscopy (TEM) micrographs for QR(615) (a) and QR
(650) (b), each for the –s, –m and –l aspect ratios.

Figure 2.3. TEM micrograph (a) and statistical analysis (b) of CdSe-QR used to make QR(615)
(l/w = 2.5 ± 0.3, l = 9.9 ± 0.9 nm, w = 3.9 ± 0.3 nm), (c) and statistical analysis (d) of CdSe-QR
used to make QR(650) (l/w = 4.1 ± 0.4, l = 19.4 ± 1.6 nm, w = 4.7 ± 0.3 nm).
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The Ppy were assembled to the QR interface by the Mattoussi method, in which the N-terminus
His-tag is used to coordinate to the QR.9,45 In this system, attachment was facilitated by the QRs
first being phase transferred to borate buffer (10 mM, pH = 8.3) using the histidine (His) mediated
phase transfer method.46 The His-tag replaces the histidine capping ligand via a place exchange,
allowing for direct coordination to the Cd2+ rich interface.46,47 The His-capped QRs were incubated
with PpyGRTS (or PpyRE9) at molar loading ratios (L = [Ppy]:[QR]) ranging from 1 - 40. Here,
the molar ratios were determined via absorption spectroscopy measurements using extinction
coefficients that consider the volume of the QRs,48,49 and the molecular weight of the Ppy (62
kDa).41 In a typical experiment, the Ppy are incubated with His-capped QRs in borate buffer for
15-60 minutes before spectroscopic measurements. The hybridization of the PpyGRTS-QR
bionano-conjugate was confirmed by Infrared spectroscopy (FTIR) and thermal gravimetric
analysis (TGA, Fig. 2.4), which indicated protein-attributed amide-I vibrations, and increased
mass loss, respectively. Detailed considerations for the TGA calculations are described in section
3.2.6.

Weight (%)

100

80

60

40

His-QR
L=5
L=20
L=40

200
400
600
Temperature (°C)

800

Figure 2.4. TGA results characterizing histidine-capped QRs (His-QR) before and after incubation
with PpyGRTS at L = 5-40. The increasing mass loss is indicative of higher Ppy loading.
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The Ppy+QR bionano-conjugates have a unique response when bioluminescence is initiated by
addition of the LH2, magnesium (Mg2+) and adenosine triphosphate (ATP). Figure 2.5 highlights
the BRET emission spectra for the PpyGRTS-QR(615) (a) and PpyGRTS-QR(650) (b) conjugates
at L ≈ 1 that have -s (i), -m (ii), and -l (iii) rod lengths . A characteristic feature of these spectra is
the absence or low intensity of the PpyGRTS bioluminescence at 547 nm, and the presence of QR
emission.
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Figure 2.5. BRET emission results for PPyGRTS+LH2 with + QR(615) (a) and + QR(650) (b)
conjugates collected at L = 1 for –s (i), –m (ii), and –l (iii) rod lengths.
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As described in previous reports,15–18,21–23 there is no direct optical excitation in these systems,
and QR emission is instead stimulated via non-radiative energy transfer via BRET that is initiated
by the generation of an excited state during the oxidation of luciferin to oxyluciferin.50
Importantly, the QR is acting as the energy acceptor in this system. The metric for comparing
BRET is the BRET ratio, BR = IQR/IPpy, where IQR, is the integrated acceptor QR emission spectra,
and IPpy is the integrated area of the donor Ppy bioluminescence spectra. The BR was calculated
after the spectra were first normalized and deconvoluted after considering fits to the individual
emission spectra of PpyGRTS and QR. An increase in BR is indicative of a more efficient energy
transfer processes, but is not necessarily a true measure of energy transfer efficiency (see below).
For example, the spectra in Fig. 2.5a correspond to the BRET spectra for QR(615)-s, -m, and -l,
with PpyGRTS at L = 1. The calculated BR are ≈8.5, ≈12.0, and ≈ 20.5. For the QR(650) series
(Fig. 2.5b), BR of ≈6.9, ≈17.2, and ≈ 30.1 were calculated (Table 2.2-2.3).

Table 2.2: Measured BRET ratios (BR), and normalized BRET ratios (BR/QY)
BRET Ratios at L = 1
QR(650)

PPY-GRTS

PPY-RE9

GRTS + BtLH2

l/w

QY (%)

BR

BR/QY

BR

BR/QY

BR

BR/QY

Small

4.1

6.9

1.7

9.1

2.3

12.0

3.0

Medium

10.7

17.2

1.6

12.1

1.1

11.0

1.0

Large

23.2

30.1

1.3

24

1.0

11.5

0.5
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Table 2.3: Optical and FRET parameters for QR BRET nanosystems.
BRET Nanosystems
QR Absorption1

QR(615)

PPY-GRTS 2

BRET Ratios at L = 1

l/w

QY(%)

λA (nm)

Z(M-l cm)

J (cm6)

R0 (nm)

BR

BR/QY

Small

10.6

583

2.19 x 105

1.97 x 10-12

7.0

8.5

0.8

Medium

30.0

597

3.07 x 105

3.14 x 10-12

7.5

12.0

0.4

Large

51.2

602

3.48 x 105

3.76 x 10-12

7.8

20.5

0.4

1)

The QR first absorption maxima (λA), and calculated extinction coefficient (#).
QY of 32% and emission maxima of 547 nm.

2)

Calculated using PpyGRTS

These BR are on par with our recent demonstration of the performance of r/r-QRs in BRET.21 The
QR(650) samples (Fig. 2.5b) performed with similar efficiency, namely with BR of ≈ 6.9, ≈ 17.1,
and ≈ 29.7 for QR(650)-s (i), -m (ii), and -l (iii). The BR dependence on L was also measured for
each conjugate, and the results are shown as insets to each plot. In general, we observed a
systematic decrease in BR with increased L as discussed in more detail below.
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Figure 2.6. Results comparing QR l/w with observed raw BR values at L = 1 (a), and similar plots
after normalization BR by QR core absorption extinction coefficients at 547 nm (BR/ #core) (b),
and after normalization by QR quantum yields (QY%) at time of experiment at excitation of 547
nm (c). The representative BRET efficiency plots for PpyGRTS donors and QD(650) (red) and
QR(615) (blue) acceptors at R0 = 9.4 and 7.8 nm respectively. Solid lines represent plot of E =
R06/(R06+r6) while dashed lines are of E = R04/(R04+r4). Inset: Computed BRET efficiency as a
function of PpyGRTS binding position with (+) and without (-) consideration of QR–m
polarization (see also Fig. 2.7). The measured excitation PL anisotropy for QR(615) – (e) and
QR(650) –s, –m, –l (f).
Figure 2.6a summarizes these results by plotting BR as a function of QR l/w, which reveals a near
linear trend, with the longest QR(650)-l showing the highest efficiency. We found this to be
counter intuitive, as longer rods would result in longer average PpyGRTS-to-CdSe distances (rAve),
which should in turn lead to lower BRET efficiency (see below). However, the results are more
understandable after we considered some of the unique characteristics of using QR as acceptors.
For example, compared to a typical QD-based FRET experiment,6 where FRET efficiency is
quantified by loss of QD donor emission (E = 1 – (IDA/ID)), where ID is the fluorescence intensity
of the donor in absence of acceptor, and IDA is in the presence of the acceptor or via lifetime
changes (% = 1 − (

$<F
h$< )),6,51-53 where $< is the lifetime of the donor in the absence of acceptor

and $<F is the lifetime in the presence of acceptor, these BRET experiments do not have this
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convenient starting value, since bioluminescence decays over time. One drawback, to using the
BR metric is that it relies heavily on the acceptor’s characteristics (i.e. PL). That is to say, even
though energy transfer via quenching may be occurring, the acceptor emission is most important
because of the way BR is quantified. For instance, imagine two morphologically identical BRET
systems. One system transfers energy, but is quenched at the QR, and another which transfers
energy but is emitted as fluorescence by the rod. Despite the two having similar efficiency, the two
BR would be very different, where in the former the BR would be <<1, and in the later >>1. This
scenario is very likely, since no two QR synthesis batches are truly the same, leading to
photophysical differences (i.e. lifetime, quantum yield, defect concentration). Adding the need to
first phase transfer the QRs before use, and the surface chemistry changes this entails further
exacerbates this effect. Thus, we consider a simple normalization approach to take into account
the QR properties, namely BR normalization to QR extinction coefficients (BR/#F ) and quantum
yields (BR/QYA), where #F and QYA are the optical extinction coefficients and quantum yields of
the acceptor, respectively. Figure 2.6b and 2.6c show the results. Due to the ~2x lower #A values
(due to lower QR volumes)49,54 of the smaller QR(615), the BR/#A tracks an increased efficiency
for QR(615) compared to QR(650). On the other hand, the BR/QYA indicates that the QR(650)
samples are more efficient in BRET, and that longer rods have a relative decrease in efficiency,
which can be observed for both QR(615) and QR(650) data. Since the QYA values are very good
indicators of QR performance (lifetimes, etc.) we consider the BR/QYA comparisons to be the most
suitable approach to compare these distinctly different nanosystems. This is particularly important
as we seek not just to have high energy transfer efficiency, but ultimately to have bright acceptor
emission.
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The results can be further understood considering FRET parameters, such as spectral overlap (J)
and donor-to-acceptor distances (r), and Förster distances (R0). Recently, the R0 of BRET pairs,
consisting of luciferase donors and green fluorescent protein (GFP) acceptors was determined
experimentally to be on the order of ~7 nm, which is significantly longer than calculated.52,53 In
our systems, the calculated R0 are even longer. For example, the for QR(650) ranged from 8.8 9.4 nm, whereas those for QR(615) were 7.0 - 7.8 nm (Table 2.2). These are large values compared
to conventional FRET pairs6 and the enzyme-protein BRET due in large part to the high #A for the
QR acceptors, as well as the broad absorption profiles (Fig. 2.1, Table 2.1). Figure 2.6b plots a
typical FRET efficiency curve using these R0 values based on a E = R06/(R06+r6) model, which
shows the higher transfer efficiency is indeed expected in the QR(650). It is important to note that
R0 values are dependent on donor QY, and thus bioluminescence QY estimates based on brightness
comparisons were used in these calculations (see below). Moreover, a shorter rod (lower l/w)
would contribute a shorter average rAve, which considers the average nearest distance between the
center of the CdSe core and each LH2 binding site, assuming maximum coverage and ideal Ppy
packing. For example, a model for a PpyGRTS saturated QR(650)-s would have rAve ≈ 6.5 nm,
whereas QR(650)-m would be rAve ≈ 7.4 nm and QR(650)-l would be rAve ≈ 12.2 nm. This E vs. r
dependence is known to scale differently for some nanosystems, especially those that have large
planar nano-interfaces. For example, E = R04/(R04+r4) has been shown in nanosurface energy
transfer (NSET)55-57 when one object can be approximated as a planar surface, such as for a QD
donor connected to a large plasmonic gold nanoparticle acceptor,58 or a molecular dye attached to
a similar quencher. The dashed lines in Fig. 2.6d show the effect of an E = R04/(R04+r4) dependence,
which results in a lower efficiency at r < R0 and higher efficiency at r > R0.
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As we reported previously, r/r-QRs are extremely efficient acceptors in BRET,21 and these results
further support that discovery. While the QR(650)-s are the highest performing in the group
studied here, even the poorest performer, QR(615)-l, has BRET ratios higher than most BRET
nanosystems, which typically employ smaller sphere-like CdSe/ZnS or CdSe/CdS QDs.10,15,16,23,24
To date, the origins of these efficiencies gains are not clear, however one important consideration
that has not been explored to date is the distinction that the r/r-QRs have high optical anisotropy.
54,59

The origins of the QR absorption and emission anisotropy lie in the elongation of the Wurtzite

c-axis which results in alignment of polarized px,y-bands,54,59 which can also be considered a crystal
field effect.60 This polarization effect has been shown to affect in resonance energy transfer, as
revealed by Banin and colleagues who studied QR microstructure’s role in energy transfer with
organic dye acceptors.54,61-63

Figure 2.6 shows the PL excitation anisotropy spectra for the QR(615) (e) and QR(650) (f) series,
in which each shows an excitation-dependent anisotropy (<r>) with maxima in the 500 – 540 and
540 – 580 nm region respectively. There are two regions of interest: a featureless region < 450
nm with nearly constant anisotropy corresponding to CdS states, and a > 475 nm region which
shows varied <r> corresponding to the CdSe core states. The high <r> ≈ 0.2 values in these
regions is indicative of the CdSe core’s polarization, and interestingly, each set shows a shift to
higher anisotropy values with longer l/w, which suggests that the CdS rod shell sensitizes the
overall polarization of the rods. These results indicate that in a typical excitation of the QRs at 400
nm for instance, the emission would have less linearly polarized character than when excited at
~550 nm. This is important, as the bioluminescence coming from PpyGRTS is most intense at 547
nm, and thus, may interact strongly through polarization. Consider for example how a polarized
core could enhance or diminish resonance energy transfer by change to R0 = 9.78x103(κ2n2QDJ)1/6,
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where κ2 is the orientation factor, n the refractive index, QD the donor QY, and J the overlap
integral. A change in polarization would affect : which can be defined as: : = ĉ < ∙ ĉ F − 3(ĉ < ∙
1g<F )(ĉ F ∙ 1g<F ) ; where ĉ < is the vector along the transition dipole of the donor, ĉ F is the vector
along the transition dipole of the acceptor, and 1g<F is the vector between the two transition dipole
moments. When considering the QR as the acceptor, the : 2 can theoretically vary from 0 (where
the transition dipole moments are perpendicular in plane) to 4 (where the transition dipole
moments are parallel in plane). This is in contrast to typical dipole-dipole FRET pairs, where : 2
is best approximated as 0.67 for two randomly oriented spherical dipoles.51 As an approximation,
we can further simplify the system considering that a majority of the enzymes that participate in
BRET, particularly at high L, will bind on the sides of the rod, and thus RDA will be perpendicular
to the rod’s main axis, and subsequently the second term for solving for : goes to 0, which
simplifies the orientation factor to : = ĉ < ∙ ĉ F . From this, we can infer that : directly above the
core can only be values ≤ 1. Note, however that this approximation only works in the region
directly near the core state; the further binding of Ppy to sites away from the core will change the
angle of the vector bridging the two dipoles and thus will need to be solved. Interestingly, when
the Ppy is tethered to the ends of the rods, RDA runs parallel to the dipole transition and thus the
second term is non-zero, which allows the possibility of increasing ĸ up to 4. Such values would
allow for enhancement in energy transfer efficiency (i.e. 4x) by elongation of r0. The insert in
Figure 2.6d shows the theoretical influence of QR(615)-m and QR(650)-m polarization on BRET
efficiency considering one Ppy at the rod locations designated 1 - 4. Position (1) is located directly
above the CdSe core, (2) is at the end of the rod closest to the core, (3) is the opposite end, and (4)
is a combination of positions. These energy transfer efficiency (E = R06/(R06+r6)) values were
calculated using r from idealized positioning of Ppy after considering the dimensions of the rods,
and after calculating the resulting change in R0 due to anisotropic contributions to : 2, as described
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above. For example, position (2) would be affected the most by polarization, especially in QD(650),
where an efficiency gain of 30% can be expected. For additional QR l/w and positioning, see
Figure 2.7. Consider that in addition, the Ppy is tethered to the QR, which may induce some further
anisotropic effects due to preferred orientation of the LH2 binding. While our current work cannot
address the relative orientation of the LH2 as it relates to the QRs main axis, previous conflicting
reports found that the phosphorescence from oxyluciferin contains both in plane and out of plane
polarization,64 and showed little difference in the fluorescence anisotropy when comparing bound
and free fluorophores,65 concluding that the molecule could rotate freely in the active site after
reacting.

One way for us to experimentally explore this scenario is to use Ppy that emit

bioluminescence at different colors, thus transferring energy to the rods at wavelengths of high
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To probe the role of donor energy on BRET, we used the QR(650)-s acceptors with donors of
PpyRE9 that when combined with LH2 (denoted as PpyRE9+LH2) produces red bioluminescence,
or by using PpyGRTS in combination with BtLH2 (denoted at PpyGRTS+BtLH2) produces blue
bioluminescence (Fig. 2.1).

The Figure 2.9 shows the results for QR(650)-s with
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PpyGRTS+BtLH2 (a), PPyGRTS+LH2 (b), and PpyRE9+LH2 (c). Each conjugate shows high
BR/QY values, which are summarized in (d). As mentioned above, interpreting these results
requires further normalization due to each enzyme+substrate combination having different QY
(Fig. 2.8).
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Figure 2.8. Bioluminescence spectra comparing the brightness of enzyme+substrate combinations
under identical enzyme concentrations (insert) and experimental conditions. Results indicate
Ppy+BtLH2 has ~ 2.8x brightness of PpyGRTS+LH2 and ~ 15.8x brightness of PpyRE9+LH2.
For this, we introduce a brightness term B = b0/b term, where b0 is the brightness of PpyGRTS+LH2
alone, and b is the comparison enzyme+substrate combination. For instance, the relative brightness
of PpyGRTS+BtLH2 is B ≈ 0.36, whereas PPyRE9+LH2 is ≈5.6, due to the higher and lower
brightnesses of those bioluminescence intensities. Using the BR/QYA described above, we plot the
results as (BR/QYA)B in Figure 2.9d. If we compare the systems at l/w ≈ 4, we observe that the
QR(650)+PpyRE9+LH2 conjugate has by far the highest (BR/QYA)B metric (red plot), followed
by PPyGRTS+LH2 (green plot), PpyGRTS+BtLH2 (blue plot). If we compare the excitation
wavelength of these enzyme+substrate combinations to the excitation polarization results in Fig.
2.6f, we observe that red PpyRE9+LH2 bioluminescence overlaps with the high <r> energy regions
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of QR(650). This suggests that that polarization affects of the energy transfer may indeed be
playing a significant role. The (BR/QYA)B trends are maintained for the QR(650)-m (l/w = 5.7),
however the PPyGRTS+LH2 show increased values for QR(650)-l (l/w = 8.7), which may be due
to the higher overall <r> observed for QR(650)-l in that energy region. While it is difficult to
separate this excitation polarization effect from that of a purely excitation energy one (Fig. 2.6f),
and more work is clearly needed to further elucidate the role of polarization in BRET, these results
indicate that it cannot be ruled out in future BRET designs.
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Figure 2.9. BRET spectra for PpyGRTs+BtLH2 (a), PpyGRTS+LH2 (b), and PpyRE9+LH2 (c),
with QD(650)–s at L = 1. (d) Summary of BR intensities at additional QD(650) aspect ratios (lower
panel) and normalized to Ppy brightness (upper panel) for PpyGRTs+BtLH2 (blue),
PpyGRTS+LH2 (green), and PpyRE9+LH2 (red).
One interesting observation not made clear by the analysis so far is why the highest BRET ratios
are observed at low loading ratios (L = 1). We note that previous BRET QD systems showed
similar trends.10,15,16,21–24 We consider here what role Ppy landing and position at the rod plays.
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As more and more Ppy assemble or land on the rod, a number of events can occur that may affect
energy transfer, such as surface denaturation or self-quenching of Ppy. Those affects aside, if we
consider that because the QR is the acceptor, it is likely that only only one LH2 excited state can
transfer energy to the QR at a time. Thus, many excited Ppy cannot transfer energy due to a
bottleneck created by the QR’s long lifetimes ($ > 10 ns). After considering the results in Figure
2.5 in light of the FRET and anisotropy models above, it seems an additional factor may be that
instead of Ppy landing/assembling at random stochastic positions along a rod length, that they
instead land/assemble at some position in close proximity to the CdSe core, and that these positions
are of ones of high energy transfer probability. That is to say, the first landing of Ppy is at the same
position along the rod across a solution of QRs. One interesting fact about the QR system
compared to others, is that the CdSe|CdS interface is highly accessible, due to the histidine-coating,
which we have shown previously is easily displaced by incoming monolayers,46 and His-tags.66
This would allow the Ppy to locate unique crystallographic or topological defects, which are
known to result from CdS shell deposition and growth. In addition, it has been shown that many
peptides and polypeptides have strong affinity for CdSe interfaces and local charge density
differences at an interface. 67-69 Thus, we hypothesize that these defects may be providing either a
topological or chemical/charge anchoring point for the Ppy, and as these defects may be close to
the CdSe core, would increase their relative energy transfer efficiency.
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Figure 2.10. TEM micrographs of QD650–s (a), –m (b), and –l (c) after AuNP growth revealing
the defect rich regions of the interface. The observed QR emission wavelength and intensity during
BRET (d). Dashed horizontal line represents the QR emission during lamp excitation at 547 nm.
Plots on bottom are fit to an exponential decay, and on top to a linear regression, to guide the eye.
Inset: Schematic of QR energy diagram and emission processes in which PpyGRTS donates to
defect states (DS) at the QR (1) at low L and additional CB sites (2) at increasing L.
To test whether or not the QRs used in this study had such defects we employed a novel method
developed by others that produces gold nanoparticles (AuNP) at the defect rich interfacial sites.
The AuNPs grow on CdSe/CdS QRs above the CdSe seed location and at the end of each rod,
which are the defect rich locations.70,71-76 Figure 2.10 shows the resulting TEM micrographs, were
AuNPs were grown on QR(650) –s (a), –m (b), and –l (c). Analysis of the micrographs revealed
Au NPs with d ≈ 4.8 nm located at the tips of QR650-s, whereas QR(650)-m had AuNPs with d ≈
4.2 that were located 10.9 ± 1.2 nm from the closest end of the QRs, which is ~1/3 the total length
of the QRs, and also AuNP tips (d ≈ 3.3 nm). Interestingly, the QR(650)-l is instead decorated with
large AuNPs (d ≈ 7.8 nm) located 15.3 ± 3.1 nm from the closest end, and many smaller (1~2 nm)
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ones along the rod length. These results demonstrate that the QRs have different defect populations.
We speculate that this is because of different shell growth rates during synthesis. Interestingly, the
QR(650)-s, which has the highest normalized BRET efficiency, has defects at the polar ends of
the rods, which we considered above as the anisotropic hot-spots.

Finally, we next consider defect binding in light of another inspection of the BRET emission data.
A close inspection of the emission wavelengths reveals a significant red-shift in QR emission that
is inversely related to L, as shown in the plots of Fig. 2.10d. This shift is intriguing as it is
traditionally very difficult to change the PL emission of a QD or QR under normal excitation (i.e.
stokes shift), even though more modest spectral diffusion is known to be observable at the singlemolecule level. As a primer, consider that when excited by the spectrometer at 547 nm, QR(650)
–l has a consistent emission wavelength of 655 (± 1.5) nm (Fig. 2.10d, horizontal line). In addition
we note that each QR(650) had similar PL-decay lifetimes ($) between 11-13 ns (Fig. 2.11).
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Figure 2.11. TCSPC PL-decay results for QR(650)-s (a), -m (b), and –l (c) before phase transfer.
Biexponential fits were used to fit to the PL-decays, which were intensity weighted to average
lifetimes ($ ave) of $ ave= 11.1 (a), 13.2 (b), and 14.6 ns (c) respectively.
In contrast, when emitting during BRET, this wavelength shifts considerably to 674 nm at L = 1,
and then gradually converges near 655 nm at L = 40. A similar trend was observed for QR(650) –
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m and –s, as well as the QR(615) series. These results strongly suggest a resonance energy transfer
mechanism, and moreover, that the first few Ppy bind at defect sites, since those defect sites are
known to emit from trap states that are at lower energies and of poorer intensities. To corroborate
this last effect, the brightness of each sample should show an opposite trend, that of increasing
intensity as a function of L. Interestingly, our results indeed show this characteristic, and a plot of
maximum QR emission intensity as a function of L shows an increase (Fig. 2.10d upper), further
supporting both a BRET and defect binding mechanism. Thus, these results suggest that at low L,
a large percentage of QR emission is coming via resonance energy transfer (pathway 1, Fig. 2.10d),
and possibly from a defect rich energy level of the QR, presumably due to the Ppy donating energy
at that position. At higher L, more Ppy donate to the band edge energy levels and emission is
observed at shorter wavelength (pathway 2). As shown above in the AuNP deposition case, the
QR(650)–s have these defect sites at the anisotropic hot-spots, which results in those conjugates
possessing the highest BRET efficiency. In control experiments using a PEG-coated QR (Fig.
2.12) in which PpyGRTS could not bind, high bioluminescence and QR intensities were observed,
indicating that when not linked, the system has both native bioluminescence and also innerfiltering.
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Figure 2.12. Bioluminescence spectra of PpyGRTS+LH2 (i) and PpyGRTS+LH2+PEG-QR(680)
at L = 5 (ii). When using a PEG modified QR(680), the bioluminescence maxima of
PpyGRTS+LH2 is similar to the enzyme alone, an the QR(680) emission is lower than in a typical
BRET experiment, confirming that non-radiative transfer is possible when both components are in
solution but not linked. Note the QR(680) is a different QR than used in the rest of this chapter.
Taken together, these results suggest some important design parameters that should be considered
to enhance BRET nanosystems performance. Relatively short r/r-QRs (l/w ≈ 4) that emit in deep
visible (>650 nm) that also posses high QYs should be used. These rods should be combined with
bright bioluminescent donors that have emission wavelengths that activate core adsorption while
also possessing high brightness. The QR interface should be accessible, and the Ppy should be
guided towards topological defects which coincide with polarization-enhanced RET hot-spots,
namely at the ends closest to the QR core. While in this study these design parameters were
elucidated via systematic changes to QR structure and donor-acceptor combinations, molecular
modeling of the Ppy binding to the QR,77 along with quantum mechanical understanding of QR
absorption and emission properties in the presence of a Ppy shell78 may lead to future design
improvements. Such morphologically distinct BRET bionano-conjugates may prove valuable in
overcoming limitations in the field of self-assembly and energy transfer by allow researchers to
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design intricate multi-step BRET-FRET processes, 10 or to tackle difficult challenges related to coexcitation in multi-QD assembled systems,23 where the true properties of QD and QR acceptors
can be probed in even more detail.

2.6 Conclusions

The relationship between semiconductor quantum rod acceptor optical properties and aspect ratio
with bioluminescence resonance energy transfer using multiple Ppy donor color and loadings was
elucidated. Findings indicated for the first time that BRET ratios were highly sensitive to aspect
ratio and that important normalization steps are needed in light of the unique characteristics of
using a QR acceptor. Normalization of BRET ratio by rod quantum yields the most accurate
picture of the nanosystem and suggest that short rods with long wavelength emission are the most
efficient. By changing the Ppy donor energy using different Ppy + substrate combinations, the
BRET ratios and energy transfer efficiency was further understood. Here, an additional
normalization to Ppy donor brightness showed counterintuitively that the higher wavelength
PpyRE9+LH2 donor was the most efficient. This may be due to its energy overlapping the CdSe
core the best, and also activation of the QRs anisotropic excitation hot spots. Furthermore, we
showed that subtle differences in topological or chemical defects along the QR surface might lead
to preferential Ppy binding there, and that BRET emission wavelength shifts further support a
defect binding mechanism.
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Chapter 3
Near Infrared Bioluminescence Resonance Energy Transfer from Firefly
Luciferase − Quantum Dot Bionanoconjugates
In this chapter, I describe my work on the preparation of a near infrared (nIR) emitting
bioluminescence resonance energy transfer (BRET) conjugate. Spherical quantum dots that emit
in the nIR region were phase transferred using the histidine mediated protocol previously
developed in our lab, and then conjugated with firefly luciferase enzymes (Ppy). The conjugates
were characterized using TEM, FTIR, TGA and BRET studies, the latter of which yielded high
BRET ratios of ~ 5. Because of the near infrared nature of the BRET emission from these
bionanoconjugates, they were easily observable by night vision and thus show promise for imaging
and sensing technologies. This work is reproduced with permission from Nanotechnology, 2014,
25 (49), 495606. Copyright 2014 IOP Publishing Ltd.

3.1 Introduction

Semiconductor nanocrystals have been heavily utilized in resonance energy transfer (RET)
schemes due to their absorption profile, size tunable emission, high photostability, and long
excited-state lifetimes1,2. The unique optical properties have made quantum dots (QDs) and rods
(QRs) ideal energy donors, with successful RET to molecular fluorophores and fluorescent
proteins3-5. Conversely, however, the large extinction coefficients and broad absorption spectrums
that make these materials efficient donors limits their application as discrete energy acceptors due
to co-excitation of donor and acceptor6,7. The use of chemiluminescence, where the donor is
activated chemically rather than radiatively, circumvents this problem. Specifically, the use of
natural bioluminescence for energy resonance transfer (BRET) has been shown to be effective
with proteins,8 dyes,9 QDs,6,10-13 or QRs14,15 as acceptors. The first demonstration of a QD-based
BRET utilized blue emitting R. reniformis luciferase (rLuc) which contained exposed lysine
groups for conjugation to carboxylate groups on polymer wrapped QDs.6 Following this milestone,
BRET has been shown for many different QD colors,6,10,11 including near infrared (nIR) emitters.
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The nIR emitters are fundamentally interesting for in vivo imaging,5,16,17 as light emitted in this
region is both absorbed and scattered less by tissue.6,10 Several BRET nIR nanosystems have been
shown based on the rLuc protein variant, with BRET efficiency ratios of 1.3 and 0.118 for
CdSe/ZnS[6] and PbS QDs,18 respectively. Notably, the PbS QDs were synthesized in the
presence of the protein and retained 86% of the bioluminescence after 1 hour.18 In addition, the
use of horseradish peroxidase and QDs has been shown to result in nIR BRET when both
components were polymer wrapped in nanocapsules.19

In this study, we show that direct attachment of a bioluminescence protein, Photinus pyralis
(Ppy),14 to the surface of a nIR emitting QD results in high BRET ratios. Using a green emitting
variant of Ppy (PpyGRTS) with emission at 547 nm in the presence of luciferin substrate (LH2),
Mg-ATP, and oxygen, at pH of 7.820,

efficient BRET between the protein and the QD is

demonstrated. Anchoring of PpyGRTS directly to the QD surface is accomplished with a Nterminus hexahistidine tag (6xHis), which coordinates to the cation rich QD interface,14,21-24 and
thus leads to greatly diminished donor-acceptor distances (~5.5 nm). With high efficiencies that
surpass previous implementations, these nIR QD-Ppy conjugates show great promise for
applications that utilize nIR light.
3.2 Experimental
3.2.1 Chemicals & Materials:
The hydrophobic QD(800) stock was purchased from Invitrogen (Life Sciences Inc.), and used as
received. L-histidine (His, >99.8%), sodium borohydride (NaBH4, >96%), sodium tetraborate
(99.5%), boric acid (>99.5%), gly-gly (BioUltra, ≥99.5 %), toluene (≥99.5%), chloroform
(>99.8%), methanol (>99.8%), acetone (99.5%) were purchased from Sigma Aldrich. Ultrapure
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water (18.2 MΩ) was from a Sartorius Stedim Arium 61316 reverse osmosis unit combined with
an Arium 611DI polishing unit. The Mg-ATP (bacterial source) was purchased from SigmaAldrich, and restriction endonucleases from New England Biolabs (Beverly, MA).

Firefly

luciferin (LH2) was a generous gift made to the Branchini lab from Promega (Madison, WI).

3.2.2 Ppy Expression: The Ppy WT was expressed as a GST-fusion protein and purified by
affinity chromatography and stored as described in detail previously.20,25 These are described
briefly in Chapter 2, section 2.3.4.

3.2.3 Histidine-Mediated QD Phase transfer and QD characterization: In order to phase transfer
the as purchased QD(800)’s from toluene to borate buffers we employed a phase transfer technique
we recently developed.21 The protocol is described in section 2.3.5. The QD(800) concentration
was calculated using the size dependent molar extinction coefficient (ε)26 from the supplier
(Invitrogen), where ε = 2.0 x 106 M-1 cm-1 at 550 nm., The UV-visible (UV–Vis) absorbance
measurements were collected on a Varian Cary100 Bio UV–Vis spectrophotometer. The emission
and bioluminescence spectra were collected on a Fluoromax-4 spectrofluorometer (Horiba Jobin
Yvon). Quantum yield (QY) was determined using the standard calculations27. Time correlated
single photon counting (TCSPC) (PL decay) measurements were performed at Brookhaven
National Laboratory (BNL) in the Center for Functional Nanomaterials (CFN) USER facility. The
PL decay were measured using a 420 nm pulsed laser excitation based on a frequency doubled
diode-pumped Ti:sapphire laser system (Newport Spectra Physics, 8 MHz repetition rate, 60 fs
pulse width) and a Fluorotime 200 time-resolved fluorescence spectrometer (Picoquant GmbH).
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3.2.4 PpyGRTS-QD Conjugations and Characterization: To construct the PpyGRTS-QD(800)
conjugates, the His-functionalized QD(800) were incubated with the PpyGRTS in 10 mM borate
buffer at loading ratios, L = [PpyGRTS]/[QD(800)] on ice. Incubation was allowed to proceed for
at least 15 minutes before BRET analysis. The conjugates were characterized by transmission
electron micrscopy (TEM), thermal gravimetric analysis (TGA), and Fourier transformed infrared
(FTIR) spectroscopy. TEM measurements were performed on a JEOL 2000EX instrument
operated at 100 kV with a tungsten filament (SUNY-ESF, N.C. Brown Center for Ultrastructure
Studies), with negative staining achieved using phosphotungstic acid. TGA experiments were
performed on a PerkinElmer Pyris1 TGA with a thermal analysis gas station and under 20% O2 in
N2 purge with a heating rate of 5 oC/min after drying the samples prior to analysis. FTIR
measurements were collected on a Thermo Nicolet 6700 FTIR equipped with a diamond smart
iTR attenuated internal reflectance accessory, and a liquid N2 cooled MCT-A detector. Samples
were drop cast as neat solutions, or dried powders, and dried under N2.

3.2.5 BRET Measurement and Analysis: The parameters for BRET measurements and the details
of their analysis are described in Chapter 2, section 2.2.2 and 2.4.3, respectively.

3.2.6 TGA Calculations
In order to estimate the number of Ppy/QD, the volume of the QD must first be determined. This
is done by assuming a roughly spherical morphology, and using the diameter obtained from TEM.
Here, r = 2.0 nm, since the QD diameter is d = 4.0 ± 0.5 nm, resulting in i = 3.35 × 10=kl mn9 .
Once the volume is obtained, the mass of a single QD can be determined using the bulk density of
CdSe ( G = 5.82

p
qr s

). The mass of one QD based on these approximations is n =

p

1.95 × 10=ku v< . Then, using the molar mass of the luciferase, one can determine the mass of each
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protein molecule. After completing the TGA experiment, the mass loss due to protein alone can
be obtained from the reference point (e.g. the mass loss of the histidine-coated QD) and used to
calculate the mass of the protein based on the mass loss, as seen below.
rJ|| }~ 0}ÄIÅÇ

% nxyy z{yy = rJ|| }~ 0}ÄIÅÇ/rJ|| }~ v<

(4)

The results of these calculations are discussed further in section 3.3.1 below.

3.3 Results and Discussion
3.3.1 Synthesis and Characterization of BRET Nanoconjugates

Figure 3.1. (a-b) An idealized schematic of the alkyl-capped QD(800) QDs that were phase
transferred by ligand exchange with histidine (His), which rendered the QD(800)s hydrophilic and
colloidially stable (a). Next the QDs are incubated with 6xHis tagged PpyGRTS at increasing
loading ratios, L = [Ppy]:[QD(800)], between 0.5 - 10 (b).
The general QD functionalization strategy is outlined in Figure 3.1a-b, which begins using
commercially purchased alkyl-terminated hydrophobic QD(800) nIR QDs. Firstly, the QD(800)
are phase transferred from chloroform to aqueous buffers using the L-histidine (His) mediated
phase transfer route recently developed in our lab.21 The His-capping is rather weakly bound,21
which facilitates additional monolayer exchange,21 ssDNA attachment,23,28 or 6xHis tagged protein
binding.14,22-24 Recently a His rich co-polymer was used to polymer-wrap QDs for improved
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stability for bioimaging.29 After phase transfer, the His-QD(800) had a PL emission at ≈ 788 nm
(Figure 3.2a), a quantum yield (QY) of 47%, and long, single exponential lifetime of τ = 77.8 ±
1.5 ns (Figure 3.2b). Next, the His-capped QD(800) are incubated with PpyGRTS at increasing
loading ratios, L = [PpyGRTS]/[QD(800)] = 0.5 – 10. The PpyGRTS were coordinated to the QD
interface using the 6×His tag,14,28,30 allowing for short donor-acceptor distances. If required, excess
PpyGRTS could be removed by addition of nickel loaded colloids to absorb the 6×His tag,
followed by removal through centrifugation.

Figure 3.2. PL emission (a) and PL-decay (b) of QD(800). The excitations were 530 and 420 nm
respectively. A single exponential was used to fit to PL-decay, yielding lifetime (τ) of 77.8 ± 1.5
ns.

The PpyGRTS+QD(800) conjugates were then characterized. Figure 3.3 shows a transmission
electron microscopy (TEM) micrograph of the conjugates at L = 5 after negative staining with
phosphotungstic acid (a), and before staining controls (b). The bright halos corresponding to the
PpyGRTS layer can be observed surrounding the QD. Further analysis of the TEM resulted in a
calculated QD(800) diameter of d = 4.0 ± 0.5 nm.
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Figure 3.3. TEM micrograph of PpyGRTS-QD(800) conjugates at L = 5 after negative staining
with phosphotungstic acid (a), and before staining (b). Statistical analysis of b shows a diameter
of d = 4.0 ± 0.5 nm.
Next, conjugation was characterized via thermal gravimetric analysis (TGA). Here, mass loss is
directly related to the lightweight His monolayer, and the heavier PpyGRTS (MW ≈ 60 kDa).
Figure 3.4a shows a representative TGA profile for the QD(800) before (i), and after (ii) phase
transfer, where a mass loss of 51% and 25% was measured, respectively. These results provide
conformation of monolayer exchange and subsequent phase transfer, since the His has much lower
MW compared to typical hydrophobic capping ligands like TOPO, etc.

For the

PpyGRTS+QD(800) conjugates, a mass loss increase was observed as a function of increased L.
Specifically, as L increased from 11-43, a successive increase from 66 to 88% was observed (iiiv), indicating increased weight loss due to additional proteins residing on each QD. Calculations
to determine the number of Ppy per QD were based on the size of the QD (obtained by TEM),
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density (bulk CdSe), and the mass of the protein. These calculations yield values of ~ 14-34
Ppy/QD for the L=11-43, respectively.

The conjugates were also studied via Fourier transform infrared spectroscopy (FTIR) (Figure 3.4bc). Compared to the His-QD(800) (i), the PpyGRTS+QD(800) conjugates show sharp vibrations
at ≈1627, 1551 cm-1 for L = 10 (ii), which are characteristics of amide-I and amide-II modes
originating from the protein.31,32 Amide-III modes are also present at ≈1290 cm-1. While the amideI modes are due to C=O stretching, amide-II and III are attributed to CN stretch and NH bend
within the protein. There are also sharp vibrations at 3177-3184 cm-1, indicating the presence of
amide-A and B modes, which arise from NH stretching.

Figure 3.4. (a) TGA results characterizing the original hydrophobic QD(800) (i), the His-QD(800)
after phase transfer and purification (ii), and the PpyGRTS-QD(800) conjugates at L = 11 (iii), 22
(iv), 43 (v). (b-c) FTIR characterizing the low and high energy vibration regions for His-QD(800)
(i) and conjugates at L = 10 (ii).
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3.3.2 Quantifying BRET to NIR quantum dots

We next studied the emission properties of the PpyGRTS+QD(800) conjugates. Upon addition of
the substrate luciferin (LH2) to a solution of the conjugates, we observed little visible light
associated with the PpyGRTS bioluminescence, suggesting the efficient energy transfer into the
nIR. Figure 3.5 quantifies this energy transfer and shows a typical set of BRET emission results
at L = 1 (a), 2 (b), 5 (c), and 10 (d). We chose this range to limit the potential for free PpyGRTS
in solution, since each QD800 can ideally pack 11-13 proteins, based on geometric models.
Features of this data are the donor emission red-shifted by ~250 nm, the absence of other external
excitation, and the substrate-based activation. The BRET efficiency was quantified by calculating
the so-called BRET ratio (BR),6,10 in which the integrated emission of the acceptor (QD(800)) is
divided by the integrated emission of the donor (PpyGRTS). For example, at L = 1 a BR of 3.9 was
calculated. Also shown is BRET for conjugates at L = 2.0 (b), 5.0 (c), and 10 (e), in which we
observe that the BR slightly fluctuates between 4 ~ 5 for each, as shown in the histogram plotting
BR vs. L in the inset of Figure 3.5e. The observation of high BR at low loading ratios, L = 1.0 2.0, has been reported before,6,14 and is a unique phenomenon for BRET systems compared to
FRET analogues. Another characteristic of these systems is the relatively high noise value at L =
1 - 2 (a-b) compared to L = 5 - 10 (c-d). We speculate that this is due to the possibility that at low
L some QD(800) are unconjugated due to stochastic binding at those ratios, since any unbound
QD(800) will remain dark, which is reflected in the low intensity of emission (Figure 3.5a). At
higher L, a more equal population of QD(800) will be conjugated, allowing for higher numbers of
QD(800) emitting, and higher intensity values (vide infra).
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Figure 3.5. Representative BRET emission spectra between PpyGRTS and QD(800) at L =
[PpyGRTS]:[QD(800)] = 1.0 (a), 2.0 (b), 5.0 (c), and 10 (e). Insets: PpyGRTS emission in absence
of QD(800) (a), bar graph summarizing measured BR dependence on L (d).
This phenomenon may also arise due to a small degree of uncertainty (~20%) in regards to the
molar concentrations of QD(800) that were estimated here based on supplier estimates of
extinction coefficients (εQD(800) ≈ 2.0 x 106 M-1 cm-1). It is important to note that the presence of
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emission at 550 nm does not necessarily correspond to free PpyGRTS, but instead, incomplete
energy transfer. Moreover, multiple repeat experiments resulted in similar BRET efficiencies
(Figure 3.6), and control experiments without 6xHis tagged PpyGRTS resulted in no BRET.
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Figure 3.6: Additional BRET emission spectra collected for a repeat experiment for
PpyGRTS+QD(800) conjugates at L = [PpyGRTS]:[QD(800)] = 1 (a), 2 (b), 5 (c), 10 (d), with
corresponding BRET ratios (BR) shown.
Finally, the approximate excess loading ratio was found to be L > 10, above which free PpyGRTS
remain unbound in solution. Figure 3.7 shows the BRET spectra at L = 20 before and after
incubating with Ni-sepharose beads, which bind and remove the free His tagged PpyGRTS. A BR
increase from 2 to 4 was observed after purification, suggesting the removal of free proteins at
those L values.
74

Intensity (a.u.)

0
1.0

0.5

0

500

600

700

800

900

500

Wavelength (nm)

600

700

800

900

Wavelength (nm)

(a)
(b)
Figure 3.7: (a) BRET spectra PpyGRTS+QD(800) conjugates at L = 20 with a BR = 2.2. (b) The
same sample after incubating with Ni sepharose beads that collect excess PpyGRTS, resulting in
a higher BR = 4.4.
To better understand these results, the spectroscopic properties and FRET parameters were
compared, as shown in Figure 3.8. Since the QD(800) has a first absorption maximum of ~790 nm,
it has a significantly broad absorption profile that covers the visible spectrum and has a high
extinction coefficient near the PpyGRTS emission maxima (ε ≈ 2.0 x 106 M-1 cm-1 @ 550 nm). As
a result, the calculated spectral overlap integral, J, is 2.37 x 10-11 M-1 cm3, which in combination
with the PpyGRTS donor,[14] results in a Förster distance (R0) of 10.6 nm.2 If the QD(800)’s are
treated as spherical, the maximum distance between the QD(800) core, to the active site on the
PpyGRTS, is r ~ 5.5 nm, a value well below the R0 (Figure 3.8b), and one that theoretically should
result in a ≈ 97% efficiency under normal spherical dipole orientations. Compared to other BRET
nanosystems,5,6,10,11,17-19 the present BR values are 2 ~ 3x higher. This efficiency increase is
attributed largely to the high QY of the PpyGRTS, and its direct attachment to the QD interface
(i.e. r < R0). One likely limit to even higher BRET efficiency is that compared to traditional
CdSe/ZnS QDs (τ ≈ 10 – 20 ns), the longer lifetimes of the QD(800) (τ ≈ 77 ns), may also be
introducing a bottle-neck in the energy transfer process.
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Figure 3.8. The QD(800) and PpyGRTS spectral properties (a), and the calculated BRET
efficiency plot with idealized PpyGRTS-QD(800) distances (r) (b). Insert: Idealized donoracceptor distances and corresponding efficiency (dot) based on TEM determined QD diameter and
known crystallographic location of the LH2 binding site in Ppy.
Because of the high BRET ratios of ≈ 5.0, and emission at 788 nm, this BRET nanosystem is easily
observed via modest nIR imaging. Shown in Figure 3.9 are digital images collected from a homebuilt setup using commercially available night vision goggles. For example, Figure 3.9a shows a
digital image of a 96-well plate containing the PpyGRTS (left) and PpyGRTS+QD(800) (right)
systems collected using a traditional digital camera. Only a faint PpyGRTS spot can be observed,
and no light is detected from the PpyGRTS-QD(800) conjugate due to BRET. The identical system
can be observed easily using night vision, however. Note that the false green colors observed are
due to the goggles and are not the colors of the sample. Figure 3.9b is imaged using a nIR camera,
and the PpyGRTS+QD800 is now clearly visible (right). This system is fully scalable, as is
illustrated by Figure 3.9c, in which a large PDMS pattern is filled with PpyGRTS+QD(800) and
imaged.
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Figure 3.9. (a) Photograph comparing the bioluminescence of PpyGRTS (left), and
PpyGRTS+QD800 BRET (right) taken with standard digital camera (a), and a digital camera
attached to night vision goggles (b). Note that the green color in b is an artifact of imaging, and
not the true color of the systems. (c) Photograph taken from night vision goggles of a PDMS mold
in an "S" pattern filled with PpyGRTS+QD(800) conjugates at L = 5. Note that the green color is
an artifact of imaging, and not the color of the emission.
3.4 Conclusions

In summary, we have shown that when directly attached to a nIR QD, firefly P. pyralis luciferase
variants (PpyGRTS) can effectively transfer bioluminescence energy with high efficiency to nIR
emitting QDs. The direct attachment of the PpyGRTS to the QD interface, and the high spectral
overlap arising from the QD acceptor, resulted in high BRET efficiencies.

The bio-nano

conjugates were characterized by TEM, TGA, and FTIR, which confirmed conjugation of
PpyGRTS to the QD(800), and optimum loading efficiency of 1-5 was determined, which results
in BRET ratios of 4-5. The resulting conjugate emission is largely invisible to the eye, but easily
observed via night vision (i.e., nIR) detectors, thus allowing these materials to contribute to the
fields of infrared signaling and sensing, and in-vivo imaging, each of which take advantage of a
chemical substrate fuel to produce light.
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Chapter 4
Silica-Coating Nanomaterials to Improve Stability and Functionality for
Biological Applications
In this chapter, I describe my work on the silica coating of quantum rods (QR) as well as core/alloy
iron/chromium (FeCR) and iron/nickel (FeNi) magnetic nanoparticles (NPs). For these studies, I
used a reverse microemulsion process to coat the NPs with a thin silica shell. In the case of the
QR, the concentration of ammonia (NH3) was tuned in order to preserve the anisotropic character
of the QR during shell growth. Thinner shells were achieved by using lower NH3 concentrations,
which was also beneficial for tuning the shells of the magnetic core/alloy NPs, and thus also
modulating their magnetic responses. Silica-coated QR were used in preliminary BRET studies
with firefly luciferase, and characterized via TEM, UV-vis spectroscopy, and PL spectroscopy.
The silica-coated magnetic NPs were employed for reversibly separating small fragments of DNA
(≤50 bp) from solution. These NPs were characterized using TEM, dynamic light scattering (DLS),
zeta potential and agarose gel electrophoresis, and showed promising capacity for DNA separation.
4.1 Introduction

A vital component of nanoparticle design and application is the ability to modify the surface
chemistry of nanoparticles in order to render them suitable for any number of desirable tasks. From
exchanging ligand molecules on the surface of the NPs, to growing an inorganic “shell” around
the NPs themselves, there are a multitude of routes toward facilely augmenting surface
functionality.

In the case of semiconductor quantum dots, it is important to passivate surface defects, thereby
improving the optical properties; this is often achieved by growing an inorganic coating around
the core nanoparticle. Another important reason for manipulating the surface chemistry is to tune
solubility; for example, hydrophobic NPs that have organic ligands on the surface can undergo a
phase transfer to be render them soluble in aqueous media. For biomedical applications, surface
modification is critical in order to prepare nanomaterials that are biologically compatible1.

80

One type of surface modification that has been studied extensively in recent years is silica coating.
This is achieved through a technique as the reverse microemulsion method, which has been favored
recently over the original Stöber process for its versatility and ability to silica coat higher
concentrations of NPs.2 In this method, surfactant molecules are used to create reverse micelles,
which consist of nano-sized pockets that are of the water-in-oil variety, with hydrophobic tails
facing out. The surfactant molecules can exchange with the native ligands on the surface of the
NPs, causing the formation of the micelles. The creation of these reverse micelles allows for
reactions to occur at the nanoscale, such as the hydrolysis and condensation of a precursor such as
tetraethyl orthosilicate (TEOS), to form a silica (SiO2) network on the surface of a nanoparticle3
(see section 1.3.1 for reactions).

Many groups have studied the silica coating of a wide variety of nano and microparticles for a
broad range of applications4,5,6,7. For example, magnetite8 and iron oxide9,10 NPs have been
functionalized with amino acid side-chain like functionalities such as thiols, carboxyls, amines,
disulfides, and aldehydes11,12, as well as polymers13,14. Similar materials have also been used as
separators for genomic human15,16,17,18,19 and bacterial20,21 DNA, as well as proteins, including
bovine serum albumin and lysozyme.22,23

The mechanism of silica coating NPs via the reverse microemulsion method has been studied by
a number of groups.24–30,3 In particular, Koole and coworkers showed through the use of timeresolved fluorescence spectroscopy that hydrolyzed TEOS and surfactant molecules exchange
with amine ligands on the QD surface, which in turn enables the incorporation of the QDs into the
micelle where the SiO2 growth occurs. They also found that depending on the binding strength of
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the initial hydrophobic ligands, this ligand exchange may be impeded, resulting in QDs or NPs
that are only partially incorporated into SiO2 shells, or not incorporated at all.

Two important considerations are the size of the surfactant molecules, as well as the ratio of polar
solvent to surfactant concentration within the nonpolar solvent (w0 = [H2O]/[surfactant]),31,32 as
they dictate the dimensions of the micelles that are formed, and thus control what can react inside
those micelles.33 While sizes of the Igepal CO-520 micelle that have been reported range from 2.7
~ 20 nm in diameter,34,35 Hutter et al. have suggested that for CdSe/CdS QRs, multiple micelles
can incorporate part of the QR (e.g. one at each end) and facilitate the growth of silica spheres at
those positions, which eventually coalesce into a uniform shell.3

In this work, I explored the silica coating of CdSe/CdS quantum rods (QRs), FeCr and FeNi
magnetic NPs. Following work done by Pietra et al.,30 I first grew relatively thick silica shells onto
the QR surface, and then through the manipulation of ammonia concentration3, I was able to
modulate the thickness of the silica shell on these NPs, which was confirmed by TEM. In the case
of the QRs, by reducing the ammonia concentration to below 5%, it was possible to preserve the
native anisotropy of the QRs, which is vital if the polarization of the QRs is to be exploited in
applications such as bioluminescence resonance energy transfer (BRET) with firefly luciferase (as
discussed in Chapter 2). This application is important to our group, as we are interested in
investigating the distance-dependence of the BRET system, and tuning shell thickness is a good
way modulate the donor-acceptor distances.

In the case of the magnetic NPs, varying SiO2 shell thicknesses results in the modulation of the
magnetic strength. This is hypothesized to be due to the blocking of the magnetic domains of
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individual particles as a function of shell thickness. After characterizing these NPs extensively
with

TEM,

TGA,

zeta

potential

and

XRD,

they

were

functionalized

with

(3-

aminopropyl)trimethoxysilane, and used for the separation of small (30-60 base) ssDNA fragments.
The magnetic clearing of these NPs was studied and stability experiments were conducted to
confirm that multiple magnetization cycles would not reduce response time.

4.2 Experimental

4.2.1

Materials:

Cadmium

oxide

(CdO,

99.99%),

trioctylphosphine

(TOP,

90%),

trioctylphosphine oxide (TOPO, 90%, recrystallized after receiving from manufacturer), 1octadecene (ODE, 90%), tri-N-butylphospine (TBP, 97%), octylamine (99%), benzoyl peroxide
(BOP, > 98%) methylphosphonic acid (MPA, 98%), sulfur (S, 100 mesh), L-glutathione reduced
(³ 98%), toluene (³ 99.5%), chloroform (>99.8%), methanol (>99.8%), acetone (99.5%),
tetraethyl

orthosilicate

(³

99.0%),

(3-aminopropyl)trimethoxysilane

(97%),

(3-

mercaptopropyl)trimethoxysilane (95%), ethanol (200 proof), ammonium hydroxide solution
(28.0% NH3 basis), cyclohexane (anhydrous, 99.5%), IGEPAL CO-520 (avg Mn 441), and MgATP (bacterial), ethidium bromide (BioReagent, powder), succinic anhydride (≥ 99%), and
dimethylformamide (DMF) were purchased from Sigma Aldrich. Selenium (Se, 200 mesh
99.99%) was purchased from Alfa Aesar. Octadecylphosphonic acid (ODPA, 98%) and
hexylphosphonic acid (HPA, 98%) were purchased from Strem Chemicals. FeCr and FeNi NPs
were synthesized in our lab previously by other members36. All single-stranded oligonucleotides
were purchased from Integrated DNA Technologies. DNA ladder (50 bp) were purchased from
New England Biolabs. Ultrapure water (18.2 MΩ) was obtained from a Sartorius Stedim Arium
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61316 reverse osmosis unit combined with an Arium 611DI polishing unit. Firefly luciferin (LH2)
and benzothiophene luciferin (BtLH2) were generous gifts from Promega (Madison, WI).

4.2.2 Instrumentation

4.2.2.1 Transmission electron microscopy (TEM): See section 2.2.2. A select few of the later
images (Figure 4.8) were taken with a high resolution TEM, a JEOL JEM 2100F with accelerating
voltage of 200 kV and lattice resolution of 0.1 nm (Binghamton University, Analytical and
Diagnostics Laboratory).

4.2.2.2 UV-visible spectroscopy (UV-Vis): See section 2.2.2.

4.2.2.3 Photoluminescence (PL) emission spectroscopy: See section 2.2.2.

4.2.2.4 Powder x-ray diffraction (XRD): Powder XRD patterns were taken on a Bruker D8
Advance powder diffractometer using Cu Ka (l = 1.5406 Å). Samples were either drop cast or
placed in powder form onto glass slides.

4.2.2.5 Thermal gravimetric analysis (TGA): See section 3.2.4.

4.2.2.6 Bioluminescence. See section 2.2.2.

4.2.2.7 Dynamic light scattering (DLS) and zeta potential: Dynamic Light Scattering (DLS)
measurements were collected using a Malvern Zetasizer ZS instrument equipped with a 633 nm
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laser source, and a backscattering detector at 173 °C. Each Dh value reported is an average of three
measurements. The zeta-potential measurements were also obtained on the Malvern Zetasizer ZS
in zeta analysis mode with a potential range of -200 to +200 mV in a folded capillary cell operating
at an effective voltage of 150 mV.

4.2.3 Methods

4.2.3.1 CdSe QR core synthesis: See sections 2.3.1-2.3.2.

4.2.3.2 CdS shell growth on CdSe QR cores: See sections 2.3.1-2.3.2.

4.2.3.3 Glutathione-mediated phase transfer: In a typical phase-transfer, six tubes of QR (200 µL
each,[QR]=1-3 µM) were methanol-precipitated via centrifugation at 14,000 RPM for 1-3 minutes.
The QR were then dried with argon and re-suspended in 200 µL of chloroform per tube. To each
tube, 200 µL of glutathione (GSH) solution (pH ≈ 9, 0.1 M GSH in basic methanol/water solution)
was added, and the tubes were placed on a shaker at 50ºC, at 650 RPM for 2 hours. This resulted
in separation of the QR into the GSH layer, which was further spurred on by vortexing and the
addition 200 µL of chloroform. The QR were then back-extracted with chloroform at least 4x, after
which they were methanol precipitated and dried. After drying, 200 µL of 10 mM borate buffer
was added to each tube, and the tubes were combined, and stored in the refrigerator.

4.2.3.4 PpyGRTS-QR conjugation: See section 2.3.5.

4.2.3.5 BRET experiment and analysis: See section 2.2.2.
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4.2.3.6 Silica coating of QR, FeCr, and FeNi NPs: In a typical synthesis, 3.5 mL of cyclohexane
and 0.75 mL of IGEPAL CO-520 were mixed in a plastic centrifuge tube (either by magnetic
stirring, or in the case of magnetic NPs, vortex mixing) for 20 minutes. Then, 0.25 nanomoles of
either QR, FeCr, or FeNi NPs (either dried, or dispersed in cyclohexane) was added to the solution
and mixed for 20 minutes. Next, 45 µL of tetraethyl orthosilicate (TEOS) was added, and further
mixed for 20 minutes. Finally, 80 µL of NH3 (0.75-28 v/v %) solution was added and allowed to
mix overnight. The resulting silica-coated NPs were then cleaned via ethanol wash and
centrifugation for 2 minutes at 10,000 rpm and with subsequent magnetic separation. The NPs
were then redispersed in ultrapure water and stored at room temperature.

4.2.3.7 BRET with silica-coated QR: Normal BRET conditions were utilized (as detailed section
2.2.2), with silica-coated QR instead of histidine or glutathione-coated QR.

4.2.3.8 Amine, Carboxylic acid, and Thiol Functionalization of FeCr/SiO2 and FeNi/SiO2:
Based on a modified version of an established protocol37, NPs were functionalized with either (3aminopropyl)trimethoxysilane (APS) or (3-mercaptopropyl)trimethoxysilane (MPS). To make the
MPS solution, 100 µL of MPS was dissolved in 900 µL of 1.0 mM acetic acid and placed on the
shaker for one day at 750 rpm and 35 °C. In order to make the APS solution, 50 µL of APS was
dissolved in 950 µL ethanol (200 proof) and placed on the shaker for several hours at 750 rpm and
35 °C. For NP suspensions of ≈1.0-2.0 µM, typically equal volumes of NPs and either MPS or
APS (150-200 µL) were combined and placed on the shaker at 750 rpm and 35 °C for one day,
then removed and washed two times with 18.2 MW ultrapure water. They were then magnetically
separated and re-dispersed in the same amount of ultrapure water. After amine functionalization,
NPs could be further functionalized with carboxylic acid groups, if desired. This was accomplished
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using an already established protocol38 in which a ring-opening elongation reaction occurs with
the already present amine groups on the NP surface and succinic anhydride in DMF. The reaction
is a very simple, one-pot process that does not require heat or stirring. NPs were allowed to soak
in the reaction solution for up to one day, and the resulting product was negatively charged NPs
coated with carboxylate groups.

4.2.3.9 DNA adsorption and release studied via UV-vis spectroscopy: DNA sequences used were
the following (sequence 5’ to 3’): TTA TGC TAT CGA GTC ATG AAG GTT AGG TTA (30b),
TTG GAT TGG AAG TAC- TTTTTTTTTTTTTTTTTTTT -AT GAA GGT TAG GTT A (50b),
TTG GAT TGG AAG TAC- TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT -AT GAA GGT TAG
GTT A (60b). The [DNA] = 2.1 µM, 1.2 µM, and 1.1 µM for 30, 50, and 60b respectively, were
determined by UV-vis and extinction coefficient from IDT. [FeNi/SiO2/APS] = 26.2 nM in the
reaction mixture (originally determined by TGA). DNA in phosphate buffered saline (0.1 M, pH
= 7.48) was added to 30 µL of NPs (2.9 mg/mL stock) and allowed to incubate on a rotisserie for
15 minutes. After incubation, solution was placed in magnetic holder and allowed to clear before
removing the supernatant and washing with clean buffer. After being magnetically separated again,
supernatant was placed in UV-visible spectrometer to obtain spectra of remaining DNA in solution.

4.2.3.10 DNA adsorption and release studies using agarose gel electrophoresis: Agarose gel was
made from 3 % agarose (w/v) in 1X tris-acetate EDTA (TAE) buffer (pH = 8.44). Gels were run
for 90 min at 70 V, unless stated otherwise. DNA concentration in lanes varied from 2-20µg. DNA
binding buffer was 50 mM citrate buffer, pH = 5.00, and DNA elution buffer was 10 mM borate
buffer with 400 mM NaCl, pH = 10.0. All gels were stained with ethidium bromide (EtBr, 0.5
µg/ml) post run for 30 min in order to visualize DNA bands.
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4.3 Calculations

4.3.1 QR Core Size and Concentration: See section 2.4.1.

4.3.2 Quantum yield (QY): See section 2.4.2.

4.3.3 BRET ratio (BR): See section 2.5.

4.3.4 DNA Concentration: Concentration of ssDNA was determined either using the provided
extinction coefficient (e) from IDT at the time of purchase, or by manually calculating e using
IDT’s Oligoanalyzer tool based on the sequence of the DNA. This e was used to calculate
concentration following Beer’s Law at concentrations in the 1.0-3.0 µM range. For experiments
using 50 base-pair (bp) DNA ladders, supplier-provided averages of the DNA concentrations
contained within the ladder were used.

4.3.5 Concentration of FeCr and FeNi from TGA: To determine the concentration of the
magnetic NPs, thermogravimetric analysis was performed. From TEM, the size of the iron core is
known (~16-18 nm), as well as the morphology (spherical) and the volume may be calculated.
With the volume and the density of iron, the g/NP is calculated. Analogous calculations can be
done to determine the volume and mass of the chromium or nickel shell. After burning in oxygen,
the mass remaining can be attributed to the metal/alloy NP (presumably now oxidized), and an
approximate concentration in mg/mL can be obtained.
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4.3.6 DNA Binding Capacity of FeNi/SiO2/APS and FeCr/SiO2/APS NPs: In order to calculate
the amount of DNA binding to the NPs in the capture studies, it is necessary to obtain the difference
between the absorbance of the DNA peak before and after the magnetic separation. For example,
in the case of the 30 b DNA collected with FeNi/SiO2/APS, the absorbance dropped from ~ 0.62
to ~0.16. Subtracting these, and dividing by the original signal, we obtain 0.74. This indicates a
74% capture efficiency of DNA on the magnetic beads. In this example, I used 21.1 µg of DNA
and 145 µg of NPs. If 74% of the DNA used was captured, we obtain a binding efficiency value
of ~ 108 µg/mg of bead.

4.4 Results and Discussion

4.4.1 Growth of silica shell on QR
Previously, our lab grew silica shells on CdSe/CdS QRs following the protocol from Pietra et al.30.
However, it proved difficult to control the morphology and thickness of the silica on the QR
surface. As our QRs are used in systems that capitalize on their anisotropy and unique
morphologies (as discussed in Chapter 2), it is necessary to preserve those characteristics. The
overall goal of this study was to confirm that silica coatings can be anisotropically grown and
tailored to various thicknesses upon QR surfaces, following more recent work3.

In order to control the thickness of silica growth, the amount of ammonia (NH3), which acts as a
catalyst3 in the reaction mixture was varied by using stock solutions ranging from 28 v/v % to 0.75
v/v %. It is also possible to achieve similar results by controlling the amount of silica precursor
that is used.39 The growth of different thicknesses of silica shells can allow for investigation of the
BRET (bioluminescence resonance energy transfer) dependence on distance, since the silica shell
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thickness can be finely tuned. This is important to the field because silica coating can provide a
facile route to water-soluble nanoconjugates, which can then be utilized in various biomedical
applications, particularly as silica is virtually nontoxic.
After synthesis and silica coating, it was necessary to determine what, if any, effects arise from
the silica-coating of QRs on the fluorescence anisotropy and UV-visible and fluorescence spectra.
If an effect did occur, it would be relevant for energy transfer processes, such as BRET, as the
polarized emission may play a significant role in the energy transfer mechanism40.

Shown below in Figure 4.1 are TEM micrographs of CdSe/CdS/SiO2 QRs ranging from (a)
thinnest, [NH3] = 0.75 % to (d) thickest, [NH3] = 5.0 % silica shells. The UV-visible spectra,
photoluminescence (PL) spectra, and excitation PL anisotropy are shown in (e)-(g), respectively.
The TEM images show that as the amount of NH3 in the reaction mixture is increased, the silica
shell thickness on the CdSe/CdS/SiO2 QRs is also increased. While the absorbance and emission
spectra are constant for each silica thickness, the excitation PL anisotropy is higher for all the
CdSe/CdS/SiO2 QRs, relative to the glutathione-coated QRs (GSH-QRs) and the as-synthesized
QRs (hydrophobic).
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Figure 4.1. (a) Absorbance spectra (b) Photoluminescence (PL) spectra, (c) Excitation PL
anisotropy and TEM micrographs for (d) CdSe/CdS/SiO2, [NH3] = 0.75 %, (e) CdSe/CdS/SiO2,
[NH3] = 1.5 %, (f) CdSe/CdS/SiO2, [NH3] = 2.5 %, (g) CdSe/CdS/SiO2, [NH3] = 5.0 % Spectra
also include the as-synthesized (hydrophobic) QR, as well as the hydrophilic glutathione-coated
(GSH) QR.
The differences in intensity in the anisotropy measurements can be attributed to different solvent
interactions; nonpolar solvents result in fewer instances of “tumbling”, or the variations in the
orientations of the NPs, which has the effect of reducing the signal slightly.

Varying the amount of NH3 present in the reaction mixture resulted in tunable amounts of silica
growth onto the QR surface. The silica formed anisotropic shells around each QR, rendering the
QRs water-soluble. Preliminary BRET experiments have shown that the silica-coated QR have
high QY and can form bionanoconjugates with firefly luciferase, as seen in Figure 4.2. The green
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peak indicates the fit of the bioluminescence emission of the Ppy and the red indicates the fit of
the emission from the CdSe/CdS/SiO2 QR.

Figure 4.2. BRET emission study using CdSe/CdS/SiO2 QR + firefly luciferase. BR of 0.18
indicates signal may be due to radiative energy transfer. Fits of Ppy bioluminescence emission
shown in green, QR emission shown in red. Inset shows TEM image of the CdSe/CdS/SiO2 QR.
Although there is a BRET signal, the BRET ratio (BR) was calculated to be 0.18 based on the fits
obtained from Igor Pro, which indicates that this signal may be the result of radiative energy
transfer, instead of BRET. This is especially true as the Ppy signal is significantly higher than is
typically seen in BRET, meaning perhaps the bioluminescence is simply acting like a “light bulb”
in solution and exciting the QRs. Another possibility is that BRET is still occurring, but at such a
far distance that it is not efficient. Despite this, the data are preliminary evidence that it may be
possible to use SiO2 shell thickness to systematically study BRET efficiency.

4.4.2 Growth of silica shell on FeCr magnetic NPs
The objective of this study was to develop a reliable and facile method for silica-coating FeCr and
to determine how that coating affects the magnetic properties of the NPs. This is important so that
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the NPs can be used in applications where aqueous conditions are required. Additionally, the silica
coating can provide a protective layer for the FeCr, so that they do not aggregate during annealing
or sintering processes. Shown below in Figure 4.3 are TEM micrographs for (a) as-synthesized
FeCr NPs, (b) thin-shell silica-coated FeCr NPs and (c) thick-shell silica-coated FeCr NPs. The
variation in the silica shell thickness can be tuned by manipulation of the concentration of NH3 in
the reaction mixture, where [NH3] = 2.5% in (b) and [NH3] = 28% in (c). As the silica shell
thickness increases, the water solubility of the FeCr NPs increases, but the apparent magnetism
decreases. This can be seen in the insets in (b) and (c), as the thin shell NPs are almost fully
congregated at the magnet in 20 minutes, whereas the thicker shell NPs require a full day to do the
same.

Figure 4.3. TEM micrographs for (a) as-synthesized FeCr NPs, (b) FeCr/SiO2, [NH3] = 2.55, (c)
FeCr/SiO2, [NH3] = 285, Insets: (i) NPs fully dispersed in water (ii) congregated on the magnet.
Silica coating of the FeCr NPs renders them water-soluble. By varying the amount of NH3 in the
reaction mixture, the thickness of the silica shell can be modulated. The thickness of the silica shell
not only plays a role in solubility, but also in the magnetic properties of the NPs. NPs with thicker
silica shells take more time to collect at the magnet, whereas NPs with thinner shells take
considerably less time. This is due to the thicker shells blocking and preventing magnetic coupling
between NPs.41
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In order to test the stability of the FeCr/SiO2 NPs, we heated them to 300 °C to determine if the
NPs underwent oxidation. FeCr NPs possess “stainless” properties, meaning they do not undergo
oxidation at room temperature. This resistance to oxidation of these NPs makes them useful for
many applications. To test the limits of these properties, we annealed the NPs at 300 °C for several
hours under an inert atmosphere.

Shown below in Figure 4.4 is a powder x-ray diffractogram for the FeCr/SiO2 sample after
annealing for 3 hours at 300 °C under a nitrogen atmosphere. The presence of the metal-oxide
peaks and the absence of the metallic peaks suggest that the NPs did become oxidized during
heating.

Figure 4.4. Representative powder x-ray diffractogram for FeCr/SiO2 after heating. The Fe, Cr,
Fe3O4, and FeCr2O4 standards are shown as reference.
In order to further probe the stability of our FeCr/SiO2 NPs, we performed a number of
magnetization cycle experiments. As shown below in Figure 4.5a, the recovery efficiency of the
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NPs after being magnetized and then redispersed is very good. After 5 cycles (not pictured),
roughly 90% of the initial absorbance signal remains. In Figure 4.5b, the dotted trace shows the
gradual sedimentation of the NPs over time, and the solid line represents those same NPs before
and after magnetization (around t = 18 minutes).

Figure 4.5. UV-visible kinetics plots showing (a) the reversible magnetic cycling of the FeNi/SiO2
NPs and (b) the sedimentation rate with (solid trace) and without (dotted trace) the presence of the
magnet, taken at 500 nm. The photographs show the suspensions of two different FeCr/SiO2 NP
samples (thin shell on top, thick shell below) with and without the magnet over two hours.
We also performed “accelerated aging” studies by allowing our magnetic/silica beads to remain in
a 40 °C water bath for over a week, testing the magnetic clearing time every day in a magnetic
holder and recording video. The data obtained demonstrated that the beads did not undergo
oxidation at 40 °C and maintained their magnetic properties and solubility throughout the duration
of the experiment.
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In addition to varying silica shell thickness, another option for manipulating the magnetic strength
of the FeCr/SiO2 NPs was to control the morphology of silica-coated FeCr NPs by manipulating
the reaction volume. By doing so, we hypothesized that it may be possible to force multiple FeCr
NPs to be enveloped within the same SiO2 shell. This would allow the potential for separating
different analytes within a solution simply based on their different magnetic field strengths.

Shown below in Figure 4.6 are (a) the idealized schematic for the formation of FeCr/SiO2 for three
different reaction volumes. Tube 1 represents a “standard” silica coating mixture, with 3.5 mL of
cyclohexane, whereas tubes 2 and 3 contain

k
8

and

k
u

of the standard amount of cyclohexane,

respectively. In (b) and (c), the three reaction tubes are shown after placement in a magnetic holder,
at time = 0 minutes and 3 minutes, respectively. Interestingly, the only sample that shows
significant separation in the timeframe is tube 3. This is preliminary evidence that multiple NPs
may be located within each silica shell in sample 3, resulting in particles that are more quickly and
easily magnetized.
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Figure 4.6. (a) Schematic representation for the overcoating of SiO2 shell onto FeCr NPs, (b)
photograph of tubes 1-3 immediately after being placed into magnetic holder, and (c) after 3
minutes.
To further confirm our hypothesis that multiple FeCr NPs were inside single silica spheres, TEM
images were obtained. Shown below in Figure 4.7 is a TEM micrograph showing FeCr NPs
embedded within silica nanospheres. This image of FeCr/SiO2, VT* = (1/8)VT (where VT is total
volume), shows some SiO2 NPs with single FeCr NPs inside, while others appear to contain
multiple NPs.
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Figure 4.7. TEM image of FeCr/SiO2 NPs, [NH3] = 2.5%, VT* = (1/8)VT
The TEM micrograph in Figure 4.7 shows some silica spheres that have nucleated around multiple
FeCr NPs, as expected. There are still some self-nucleated silica spheres, which can be reduced by
using a lower concentration of NH3 in the reaction. The self-nucleated silica can also be removed
by successive magnetic cleaning cycles.

4.4.3 Growth of silica shell on FeNi NPs
In order to scale up the synthesis of silica coated magnetic particles and to avoid the negative
effects of using a magnetic stir bar (e.g. losing NPs to the magnet and forming uneven size
distributions), we developed an alternate method involving the continued use of a vortex mixer.
We scaled the quantities up by a factor of 6.6 x and produced large batches of relatively
homogeneous and monodisperse NPs, as seen in Figure 4.8 below.
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Figure 4.8. TEM micrographs of the latest generation of FeNi/SiO2 NPs of varying SiO2 shell,
mediated by varying [NH3].
This batch of NPs was of higher quality than prior syntheses. This may be due to the fact that the
amine ligands used in the synthesis have a better binding affinity for the nickel surface than for
the chromium. If this was the case, then the surface of the FeNi NPs would be better passivated
than those of the FeCr NPs, which would improve solubility and prevent aggregation. That
improved solubility may have translated into more uniform SiO2 coating of individual NPs, since
there was less aggregation overall. This was evidenced by the fact that the final silica coated NPs
were also more stable in water. Using the modified silica coating method in order to avoid the use
of a magnetic stir bar most likely prevented aggregation which would have led to a lower quality,
less stable product. These samples had a higher percentage of self-nucleated silica spheres,
particularly in the case of the 10.0% NH3 sample. It is also visibly evident that there is a dramatic
increase in shell thickness between the 2.5% NH3 sample and the 5.0% NH3 sample.
Thermogravimetric analysis (TGA) was used to determine the concentration of these NPs, as seen
below in Figure 4.9.
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Figure 4.9. Typical TGA experiment to determine concentration of as-synthesized FeNi/SiO2 NPs.
The mass loss here is due to excess surfactant from the silica coating.
4.4.4 FeNi/SiO2 NPs as DNA Separators
Magnetic bead separation techniques are being increasingly employed to separate DNA strands of
certain lengths from solutions7,8,14,42,43,44. Typically, this is achieved much more easily for longer
DNA, since it is less soluble than the smaller pieces. We wanted to see if our magnetic/silica NPs
could accomplish this more nuanced task of removing shorter ssDNA fragments from a sample.

We first began these experiments using FeCr/SiO2 and FeNi/SiO2, and mixing them with DNA.
The DNA did not show appreciable precipitation onto the bead, even with the addition of
polyethylene glycol (PEG) and salt, which are often utilized for this purpose.45 However, after
functionalizing the NPs with (3-aminopropyl)trimethoxysilane (APS), we saw more encouraging
results. Shown in Figure 4.10a is the aforementioned study, during which we gradually increased
the amount of FeNi/SiO2/APS and saw a steady decrease in the DNA signature in the absorbance
spectrum, suggesting that the DNA was precipitating onto the bead without the need for the
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addition of salt or PEG. This experiment was repeated with three different lengths of ssDNA (30,
50, and 60 bases).

Dynamic light scattering (DLS) was used to determine the approximate hydrodynamic diameter
(Dh) of the FeNi/SiO2/APS beads. As can be seen in Figure 4.10b below, the observed Dh was ~60
nm, which is close to the estimated value based on TEM images of the core and silica coated
product, in addition to the amino-silane ligands on the surface.

Zeta potential, which describes the electric potential between the double-layer that exists between
bulk solution and a nanoparticle, was used to elucidate the surface charge of the FeNi/SiO2 and
FeNi/SiO2/APS NPs. Shown below in Figure 4.10c is the zeta potential data for the FeNi/SiO2/APS.
As can be expected, the amine-functionalized NPs have a moderately positive charge. Not pictured
are the data for the bare FeNi/SiO2, which showed significant negative surface charge.
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Figure 4.10. (a) The UV-visible spectra of the DNA solution as it is precipitated onto the magnetic
bead and removed from solution, (b) the hydrodynamic diameter of the FeNi/SiO2/APS bead,
obtained with DLS, and (c) the zeta potential for the FeNi/SiO2/APS bead, showing a slightly
positive surface charge.
The results from zeta potential help to confirm that there should exist a stronger interaction
between the FeNi/SiO2/APS NPs and DNA versus bare FeNi/SiO2 and DNA, since the NPs in the
former case possess a positive charge that attracts the DNA, whereas the latter are more negatively
charged and would in theory repel the DNA, or at the very best, be capable of only a very weak
electrostatic interaction with the DNA (e.g. if the surface was not fully coated in SiO2).
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Figure 4.11. UV-vis measurements showing the precipitation of three lengths (a) 30 bases (b) 50
bases and (c) 60 bases of single-stranded DNA onto FeNi/SiO2/APS beads.
For the 30b ssDNA, [DNA] = 2.1 µM (21.1 µg), it was determined that 74% of the DNA was
captured and that the bead’s binding capacity was » 108 µg/mg bead. For the 50b ssDNA, [DNA]
= 1.2 µM (21.2 µg), we found that 89% of DNA was captured and the binding capacity was 130
µg/mg bead. Lastly, for the 60b ssDNA, [DNA] = 1.1 µM (20.0 µg), 76% DNA was captured, and
the binding capacity was 104 µg/mg bead. In each case, 145 µg of bead was used.

As NaCl was added, the DNA signature at » 260 nm decreased, indicating the precipitation of
DNA onto the NPs. To release the DNA, 0.1 M NaOH was added in 1-5 µL aliquots to bring the
pH to slightly above 9.0, which is the pKa of the amine functional group. At this pH, the amines
become deprotonated and the electrostatic interaction with the DNA is diminished, allowing for
the release of the DNA back into solution. It was important to keep the pH below 12.0, however,
to avoid denaturation of the DNA.
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Figure 4.12. UV-vis measurements depicting the effect on precipitation and release of DNA by
(a) addition of NaCl, (b) addition of NaOH, and (c) comparing both experiments.
As expected, raising the pH above 9.0 had a much greater on the release of the DNA from the
beads than that of adding NaCl of similar concentration. This is due to the deprotonation of the
APS amine functional group, which removes the positive charge binding the DNA to the beads.

4.4.5 FeCr/SiO2 NPs as DNA Separators
In order to study the magnetic separation of DNA from solution using FeCr/SiO2 NPs, a similar
approach to the one used in section 4.6.4 was used. Again, it was necessary to first functionalize
the FeCr/SiO2 NPs with APS, as control studies showed virtually no nonspecific binding. After
functionalization, the FeCr/SiO2/APS NPs were tested for their DNA separation capacity. A
scheme of this process is illustrated in Figure 4.13 below.

Figure 4.13. Schematic representation of the process for reversibly separating DNA using
magnetic FeCr/SiO2/APS NPs.
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Briefly, the FeCr/SiO2/APS NPs were cleaned and mixed with the desired amount of 50 bp DNA
ladder in a 50 mM citrate buffer which we termed “binding buffer,” as it was meant to facilitate
electrostatic adsorption of the DNA onto the NPs. The pH of the binding buffer was kept at 5.00,
well below the pKa of the amine groups on the NPs, ensuring that the NPs had a positive surface
charge. After incubating on the rotisserie for an hour, the NPs were magnetically cleaned 3 times
and washed with binding buffer, and the supernatant was collected. This solution was concentrated
down via molecular weight cutoff (MWC) filter and centrifugation, and served as the “bind” lanes
in the gel experiments (Figure 4.14) – essentially, any DNA found in this solution would not have
been bound to the beads, and hence, remained in the supernatant. The next step was to redisperse
the NPs (with adsorbed DNA) with “release buffer,” which was a 10 mM borate buffer with 400
mM NaCl, kept at pH = 10.00. The pH facilitates the deprotonation of the amine groups but is still
low enough to avoid DNA denaturation. The samples were again concentrated down via MWC
filter and used for the “release” lanes in the gels.

In Figure 4.14 (a), three samples were made in which the concentration of DNA was varied from
2-5 µg. It can be observed from lanes 1, 3, and 5 in Figure 4.14 (a) that all of the DNA that was
added to the beads was captured, as no DNA appears there, and lanes 2, 4, and 6 respectively show
the captured DNA being released after treatment with the release buffer.
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Figure 4.14. Agarose gel electrophoresis experiments to test DNA separation ability of
FeCr/SiO2/APS NPs. (a) 5 µg of 50 bp DNA ladder is shown in lane 9; lanes 1 and 2 correspond
to the bind/release of 2 µg sample of DNA, lanes 3 and 4 to 3 µg of DNA, and lanes 5 and 6 to 5
µg of DNA. (b) 20 µg of 50 bp is shown in lane 1; lanes 1 and 2 correspond to the bind/release of
5 µg of DNA, lanes 3 and 4 to 10 µg of DNA, and lanes 5 and 6 to 20 µg of DNA.
Since it appeared that all of the DNA was being removed from solution, the DNA concentration
was further increased to 5-20 µg in Figure 4.14 (b), in order to probe the DNA binding capacity of
the NPs. Interestingly, none of the samples captured all of the DNA, but it can be observed that
the smaller DNA in the ladder (50-100 bp) did seem to be adsorbed. As expected, as the DNA
concentration was increased (lane 2 = 5 µg, lane 4 = 10 µg, and lane 6 = 20 µg), a larger fraction
of DNA remained in the supernatant and failed to stick to the bead. To determine the exact binding
capacity of these FeCr/SiO2/APS NPs, more systematic studies need to be done. However, these
results provide a reasonable range that agrees with our results from section 4.6.4; the NP can bind
at least 36 µg of DNA/mg of bead, but not more than 111 µg.

In order to elucidate information about the surface charge of the FeCr/SiO2 NPs, zeta potential
measurements were conducted, and the results are contained in Figure 4.15, below.
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As is expected near neutral pH, bare FeCr/SiO2 NPs, which are hydroxyl terminated, show
moderate negative surface charge (≈ -23 mV). In contrast, carboxylic acid modified NPs showed
significantly more negative charge (≈ -38 mV), and amine functionalized NPs had varied but
significant positive charge, ranging from ≈ +20–36 mV.

4.5 Conclusions

Silica coating of CdSe/CdS QRs, FeCr NPs, and FeNi NPs was achieved by employing a version
of the reverse microemulsion process. The thickness of the silica shell was modulated by changing
the ammonia catalyst concentration in the reaction mixture. This resulted in the preservation of the
native anisotropy of the QRs, and also had the effect of changing the magnetic properties of the
FeCr and FeNi NPs by preventing the coupling of the magnetic domains of individual NPs. The
resulting NPs were characterized extensively via UV-visible and PL spectroscopy, TGA, powder
XRD, DLS, zeta potential, and TEM. Magnetic clearing and stability experiments using the
FeNi/SiO2 NPs were conducted as well. The stability experiments showed that the NPs maintained
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their magnetic strength and solubility after one week of aging in a 40 °C water bath. No color
change was observed, indicating that the NPs did not undergo oxidation during this aging process.

The CdSe/CdS/SiO2 QRs were used in initial BRET studies with firefly luciferase. The different
shell thicknesses may be beneficial in future experiments for elucidating the distance dependence
in the BRET mechanism. The FeNi/SiO2 NPs were further functionalized with (3aminopropyl)trimethoxy silane (APS) and used to remove ssDNA (30-60 bases) from solution.
This separation was mediated by the positive amine groups on the surface of the NPs and
monitored via UV-visible spectroscopy. The DNA was then released from the NPs by the addition
of NaOH, bringing the pH above 9.0, where the amine groups are deprotonated and no longer
possess a positive surface charge. The average estimated capacity of the FeNi/SiO2 NPs was ~ 114
µg/mg based on the 30-60 base ssDNA systems. Similar results were obtained for FeCr/SiO2/APS
NPs, which were characterized with zeta potential and agarose gel electrophoresis.
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Chapter 5
Conclusion and Outlook
In this thesis, I described my dissertation work involving the synthesis, characterization, and
functionalization of nanoparticles for various biological applications. In Chapter 1, I briefly
described the state of the art of the fields that my work intersects: semiconductive quantum dots
and rods, bioluminescence resonance energy transfer, magnetic nanoparticles, and silica-coating
of nanomaterials.

Chapter 2 entails an exploration of the factors which influence energy transfer efficiency in our
bioluminescence resonance energy transfer system. In that work, I synthesized many batches of
QR of different sizes and aspect ratios and studied how these differences in morphology affect
BRET. Other parameters that were investigated include the defect population on the QR surface,
optical properties of the QR such as absorption cross section and photoluminescence quantum
yield, and also enzyme + substrate combinations that produce emission at different wavelengths.
We found it prudent to normalize our BRET results to the QY of the QR, since that is the best
indicator of high quality, monodisperse samples. The most efficient energy transfer in our system
occurred between shorter, redder QR and the red-emitting luciferase, Ppy-RE9+LH2. While
counterintuitive to us at first, this result could indicate that there is some overlap between the
energetic states of the red-emitting luciferase and anisotropic “hot spots” of the QR.

In Chapter 3, I described another BRET system involving near IR (nIR) emitting QD and firefly
luciferase. This system is unique for a number of reasons; despite the use of a spherical QD instead
of QR, high BRET ratios of ~5 were achieved. We determined that the most efficient energy
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transfer occurred when the Ppy loading ratio was between L = 1-5. The emission in the nIR region
opens up a variety of promising applications, including in vivo imaging and night vision
technologies.

Finally, in Chapter 4 I discussed silica coating of QR and magnetic core/alloy FeNi and FeCr NPs.
The silica shells were grown via a reverse microemulsion process, and shell thicknesses were tuned
by changing the ammonia concentration. In the case of the QR, the silica coating was used to
enhance both optical and colloidal stability by passivating the QR surface further after synthesis.
It may also serve in the future as a way to explore the distance dependence of the BRET nanosytem.
Stability of the QR in aqueous media increased from the order of several days with histidine or
glutathione ligands on the surface, to months or longer when coated with silica.

In the case of the magnetic NPs, modulating the silica shell thickness resulted in different magnetic
behavior. Thinner shells allowed the NPs to magnetically couple more easily and thus exhibit more
pronounced magnetism. However, thinner shells also promoted nanoparticle aggregation. I
explored the use of these silica coated FeNi and FeCr NPs for DNA separation. By further
functionalizing the FeNi/SiO2 NPs with an aminosilane (APS), we were able to facilitate
electrostatic interactions with small fragments of DNA (30-50 bases) and remove them from
solution magnetically. This process is also reversible; at pH higher than the pKa of the amine group
(> 9.0), the DNA separated from the magnetic NPs and could be collected. This process was
monitored via UV-visible spectroscopy, and we found that the average loading capacity for the
FeNi/SiO2 NPs was ~ 114 µg/mg. A similar system with FeCr/SiO2/APS NPs was studied via
agarose gel electrophoresis and zeta potential, and initial results suggested that the binding
capacity for this system is similar to that of the FeNi/SiO2/APS system.
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The work presented in this dissertation will hopefully lend insight to potential improvements in
the design and implementation of BRET nanoconjugates utilizing semiconductive QR and
luciferase enzymes. Additionally, silica coating can be exploited as a tool not only to study BRET,
but to improve stability and functionality of a great variety of nanomaterials. Taken together, these
advancements can potentially contribute to sensing or other nanotechnologies in future work.
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